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Abstract
The Orcadian Basin is a Devonian (Old Red Sandstone) sedimentary basin formed as a result of
extensional tectonics after the end of the Caledonian Orogeny in onshore-offshore northeast Scot-
land. The Clair oil field lies in a smaller basin with similar types of continental sedimentation and it
represents the largest remaining oilfield in the UKCS. Oil is found within Devonian-Carboniferous
red beds of the Clair Group directly overlying crystalline basement rocks of the Rona Ridge. Re-
cent work has shown that Lewisian Complex exposed in NW Scotland is excellent for assessing
the nature and importance ofthe Rona Ridge basement fracture network. Here, geological evi-
dence suggests that the Devonian rocks of the Orcadian Basin are also a suitable analogue for the
Clair cover sequences to some degree and that a reappraisal of the deformation history of the Or-
cadian Basin is necessary to enhance the understanding of spatial and temporal characterization of
structures in the subsurface.
Faults, fault rocks, associated mineralization and deformation allow differentiation of three groups
of structures within the Devonian Orcadian Basin: i. N-S, NW-SE, WNW-ESE trending faults
showing little or no carbonate mineralisation (Group 1); ii. Metre- to kilometre-scale N-S to
NE-SW trending folds and thrusts related to a highly heterogeneous regional inversion event, rec-
ognized locally throughout the field area, but especially on Orkney (Group 2); iii. dextral oblique
NE-SW trending faults and sinistral E-W trending faults with widespread syn-deformational car-
bonate mineralisation (± base metal sulphides and bitumen) both along faults and in associated
mineral veins (Group 3). Localized folds are associated with Group 3 structures due to reactivation
of pre-existing faults. Crucially, these later folds are synchronous with carbonate and associated
mineralisation events. Re-Os model ages of syn-deformational pyrite in two faults in the Caith-
ness area (Dounreay) are 268.4 ± 4.9 & 266.4 ± 5.2 Ma (Permian). This is consistent with the
field observation that Group 3 deformation is synchronous with the emplacement of ENE-WSW-
trending lamprophyres of the Orkney Dyke Swarm (ca. 250 Ma based on K-Ar dating). Thus we
suggest that Group 3 structures are synchronous with Permian rifting (NW-SE extension) which
new faults and locally reactivated earlier structures. It appears that the Devonian rocks of the Or-
cadian basin were taken through the oil window at this time during a thermal event associated with
regional alkaline basic igneous activity in Northern Britain.
iv Abstract
Scalability studies from 1D transect analysis show that fracture attributes (length and aperture)
in the Devonian in Caithness (Scotland) are well described by a power-law distribution over 8
and 4 orders of magnitude. Also, 2D fracture connectivity is highly variable in the system and
appears to be mainly associated with corridor structures at a large scale and on longer structures
at the mesoscale. The onshore dataset shows sub-vertical fault intersections (3D) suggesting that
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This project is a reappraisal of the evolution of the Orcadian Basin System in Caithness with the
main aim of characterizing faulting and fractures in the Devonian ORS, onshore analogue for the
offshore Clair Field cover sequences (see Section 1.2). The analysis has been conducted through
fieldwork in a qualitative (field observations and comparisons) and quantitative (structural data and
statistical attribute analysis) way to investigate three main scientific aspects of the Orcadian Basin,
Northern Scotland: (i) age and kinematics of fractures, (ii) the role of "inversion" structures and
(iii) fracture size and the scalability of their attributes. The application of this work is to provide
a better understanding of the nature of faulting processes in the Clair Field cover sequences and
thus help with reservoir appraisal and development.
1.1.1 Age and kinematics of fractures in the Orcadian Basin, Northern Scotland
A recent study of Precambrian and Caledonian basement-hosted fractures along the north Scottish
coast to the west of the Orcadian Basin has demonstrated that Devonian age fracture systems
formed during regional ENE-WSW rifting are overprinted by a later set of Permo-Triassic fracture
systems formed during NW-SE extension (Wilson et al., 2010). These later fractures have been
locally dated using palaeomagnetism and are quite distinct in terms of their kinematics, structural
style and the nature of their associated fault rock and mineral infillings (Elmore et al., 2010). A
pilot study carried out by Wilson et al. (2006) has shown that this regional fracture framework
can be extended eastward and up into the Devonian cover sequences of the Orcadian Basin. This
finding implies that the Permo-Triassic fracture systems are more closely analogous to those found
in the Clair Group and that they are far more widespread than has hitherto been suggested. Hence,
the existing structural history in the Orcadian basin (established mainly during the 1980s) needs
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significant reappraisal and revision.
1.1.2 A reappraisal of ”inversion” structures in the Orcadian Basin, Northern Scotland
Compressional structures such as folds and reverse faults found in basins worldwide are often at-
tributed to local or regional inversion events (e.g. Seranne, 1992). De Paola et al. (2005b) have
shown that such compressional features can form during single phases of regional oblique exten-
sion (transtension) suggesting that, in some cases, it might be unnecessary to invoke regional tec-
tonic inversion. In the Orcadian basin, this is especially pertinent since Dewey & Strachan (2003)
have proposed that the Devonian tectonics of Northern Scotland results from a regional sinistral
transtension related to displacements along the Great Glen Fault (GGF). Similarly, Wilson et al.
(2010) have shown that Permo-Triassic age oblique reactivation of N-S-trending Devonian faults
has occurred locally (e.g. at Kirtomy) leading to the development of local inversion structures
during regional rifting events. It is therefore possible that many of the compressional features pre-
served in the Devonian rocks of the Orcadian Basin are related to phases of transtension/oblique
reactivation and this has implications for the structural geometries, and kinematics in the vicinity
of major fault structures.
1.1.3 Fracture size and the scalability of their attributes
Fracture attribute analysis is a statistical-based method used to describe and quantify fracture char-
acteristics. Fracture attribute datasets derived from surface outcrop analogues have been widely
used to calibrate subsurface reservoir models in a range of geological settings (e.g. Gillespie et al.,
1993; Odling et al., 1999; Manzocchi, 2002; Torabi & Berg, 2011) and are used as starting points
for simulations to understand the potential fluid storage and migration processes in fractured reser-
voirs.
Fault population analyses have been conducted by Pless (2011) and Franklin (2013) on basement-
hosted facture systems in onshore analogues, but relatively little has been done to quantify fracture
size and to scale the property to basin-scales. Their studies mainly focused on fracture spacing
attributes and did not extensively consider size attributes such as aperture or length (see method-
ology in Chapter 5). Pless (2011) shows the similarities and differences in fault orientations and
fractures spatial characteristic in the Lewisian rocks in the Mainland and Clair Field. She con-
cluded that the spacing attribute shows evidence for power-law distribution, exponential and log
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normal distributions in both the Mainland and Clair Field datasets. Franklin (2013) shows that
spacing from Lewisian rocks of the Outer Hebrides follows an exponential distribution and that
Mesozoic fault-perpendicular transects are more easily described by power-law distributions com-
pared to reactivated faults, joint-dominated localities, and fault-parallel transects. Aperture is well
described by power-law distribution across ∼ 5 orders of magnitude, while in the cover sequences
in Clair, a power-law can only be assigned to ∼ 1 order of magnitude of the aperture, probably
because of the short transect lengths (Franklin, 2013).
1.2 The Clair Field
The Clair Field is an offshore oil field located 75 km west of Shetland and extends over an area
some 40 km by 20 km in complex Devonian and Carboniferous units covering 5 licensed blocks
(206/7a; 206/8; 206/9a; 206/11a; 206/12a; 206/13a) (Fig. 1.1; Wylde et al., 2005, Witt et al.,
2010). With 5,000 million bbl (∼ 6.8 x 108 t) of oil estimated in place, it represents the largest
remaining oilfield in the UK Continental Shelf.
Since the Clair Field discovery in 1977, ten wells have been drilled up to 1985 with disappointing
results which contrasted with the initial optimism about Clair and it was not considered again until
the early nineties (Coney et al., 1993). A joint approach was developed at the end of the 1980’s
between 4 competing licensed groups and this led to significant improvements in the understanding
of the Clair Field starting with a 3D seismic survey being shot over the area (Coney et al., 1993,
Witt et al., 2010). This collaboration still exists today as the "Clair Joint Venture" with BP as the
operators (28.6% share), ConocoPhillips (24%), Chevron (19.4%) and Shell (28%) as partners in
the field.
In the early 1990s acquisition of 3D seismic data over the whole field occurred. In the 1991 - 1992
two wells were drilled into the field which demonstrated commercial flow rates. However, these
wells were not tested for long enough to provide confidence in the long-term reservoir performance
of the field. Only in the 1996 were extended reservoir performance tests carried out and allowed it
to be considered as a commercially viable hydrocarbon field (average flow rates of 10,000 barrels
per day over 23 days) (Wylde et al., 2005). The successful well test in 1996 led to the recognition
and development of the Core, Graben and Horst areas (Fig. 1.1b). Production started in February
2005 (1.5 billion barrels estimated in the Phase 1 development) (Witt et al., 2010).
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Figure 1.1: (a) Faroe-Shetland structural map with Clair Field location, plan view and seismic data cov-
erage (Witt et al., 2010); (b) Plan view of the Clair Field showing the Core, Graben and Horst areas. (c)
NW-SE schematic cross-section of the Clair Field (redrawn after Baron et al., 2008)
Pre-production modelling (Barr, 2007 and references therein) was designed to understand the
range of uncertainty associated with production from the fracture network, and its interaction with
the matrix where most of the oil is stored (Witt et al., 2010). The field is of national importance
and is likely to be active until at least 2050 (e.g. Cross & Bremner, 2012).
The Devonian-Carboniferous reservoir sequence is associated with a NE-SW trending elongate
basement-cored horst structure (the Rona Ridge) that is thought to have initially developed during
the mainly extensional regime in the Devonian (Fig. 1.1; Allen & Mange-Rajetsky, 1992, Coney
et al., 1993, Baron et al., 2008, Nichols, 2005). The Devonian-Carboniferous sequence comprises
a thick (700-800 m) succession of fluvial, aeolian, lacustrine, and marginal marine clastics (Baron
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et al., 2008). This sequence unconformably overlies a ridge of Lewisian-like metamorphic rocks
and is itself unconformably overlain by 700 m of late Cretaceous sandstone-dominated succession
(Coney et al., 1993). The cap rock is probably late Cretaceous shales that are, in turn, overlain by
approximately 1 km of Tertiary to Recent sediments (Fig. 1.1c; Baron et al., 2008).
Recent reservoir performance indicates that fractures in the Clair Group and its immediately un-
derlying basement rocks play a significant role in the resource development of the Clair field (e.g.
Barr, 2007). The oil in place (OiP) was estimated at ± 4.0 x 109 barrels distributed between
fractured basement and Devonian – Carboniferous sandstones (Larsen et al., 2010).
Oil production comes from extensively fractured late to mid Devonian Old Red Sandstone and
Devonian-Carboniferous rocks that overlie the basement rocks of the Rona Ridge (e.g. Allen
& Mange-Rajetsky, 1992, Falt et al., 1992, Nichols, 2005). Significant volumes of basement
rocks of the Rona Ridge lie above the oil-water contact (e.g. Baron et al., 2008) and well tests
demonstrate that linkage occurs across the field within the basement and that significant production
has occurred in tests directly from the basement rocks (e.g. Coney et al., 1993).
The Clair Field is dominated by two main structural trends: NNE–SSW oblique faults which
bound the Rona Ridge and NE–SW to ENE–WSW normal fault segments. Open fractures are
dominated by NNW–SSE and WNW–ESE orientations (Coney et al., 1993). Baron et al. (2008)
discuss the highly cemented nature of this reservoir suggesting that these open fractures must play
an important role in the reservoir potential of the Clair Field.
Calcite and pyrite filled factures are associated with contemporaneous oil influx, and are often at
least partially open (e.g. Finlay et al., 2011, Pless, 2011, Franklin, 2013). Pyrite and oil in these
fractures has been dated using Re-Os geochronology as Mesozoic in age (68 ± 13 Ma, Finlay
et al., 2011).
Prior to any recovery and to the further development of the Clair field, the definition of a fracture-
controlled, sub-surface "connected volume" within both the basement and the cover needs to be
better understood. The production in a fractured reservoir is dependent on a number of factors
including orientation, fracture size (length and aperture), density and clustering (Jolly & Cosgrove,
2003). In order to develop a quantitative model of the discrete fracture networks in 3D with
constraints on fracture porosity and fracture permeability, geological inputs for both cover and
basement sequences need to be obtained both in Clair and from nearby onshore field analogues.
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1.2.1 Previous studies
Recent works conducted by Jen Pless and Ben Franklin (PhD students at Durham University, UK)
have used the rocks of the Lewisian Complex exposed in NW Scotland (mainland and Hebrides,
respectively) as an onshore analogue for the Clair metamorphic basement. Their studies have
shown important geological affinities with the Clair basement (from both lithological and struc-
tural point of view) and have documented both the nature and controls of fracture attributes across
a range of scales in these crystalline rocks.
Structural analyses have shown that Clair basement core samples show three different categories
of faulting: (i) oldest pre-Devonian which are mineralized with epidote, hematite and quartz, with
many faults containing epidote ultracataclasite; (ii) Mineralised fractures with calcite developed
before hydrocarbon migration into the fractures of the Clair Group and (iii) fractures mineralized
with calcite and pyrite and developed at the same time of hydrocarbon migration (Pless, 2011 and
Milodowski et al., 1998).
Using an analysis of seismic reflection data, Pless (2011) showed that the dominant fault trend in
the Clair Group and overlying Cretaceous is NE-SW, matching the orientation of the major Ridge
and Shetland Spine Faults (see Fig. 1.1a) and that the dominant NW-SE trending faults in the
basement rocks may be attributed to reactivation of older ductile basement shear zones.
In the core-sample observations conducted by Franklin (2013), lithological variations in the Clair
Group appear to control the faulting style: in calcite-cemented sandstones, faulting is dominated
by breccias cemented with calcite, in porous sandstones with lack of calcite cement, deformation
bands are developed, some of which show evidence of reactivation by later clay-bearing fault-
ing, within shale-dominated areas, clay-bearing gouges have developed, although these are poorly
recovered in the core.
Cross-cutting relationships between veins allowed to establishment of the oil influx timings rela-
tive to mineralisation within the Clair Group (e.g. Milodowski et al., 1998). The latest significant
phase of diagenesis in the Clair Field occurred before or during oil influx, with the development
of porosity by dissolution. This porosity is spatially associated with faulting (Franklin, 2013).
All these results have already been incorporated by the consortium into Phase 1 basement reservoir
models. In addition, alternative fracture descriptions based on field observations have been used to
characterise the uncertainty around reservoir fluid profiles within the Clair Field. However, whilst
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the Lewisian is excellent for assessing the nature and importance of basement fracture network
development, it lacks a cover sequence that is directly analogous to the Clair Group. Instead,
fracture systems preserved in Devonian rocks of the Orcadian basin in Caithness have been used
for many years as an onshore analogue for the Clair Group structures. In northern Scotland and
Orkney, these rocks are exposed in close proximity to their Moine and Lewisian basement, but
fault patterns and characteristics have not been studied in any great detail.
1.3 Thesis Outline
- Chapter 1 The rationale of the project is introduced. In the remaining part of the chapter, with
an introduction to relevant key aspects in structural geology and the methodology used in
this study;
- Chapter 2 provides new structural and Re-Os geochronological evidence to constrain the age
of faulting and associated mineralization in the Devonian Orcadian Basin, Scotland. Struc-
tural analysis of the fault systems in Dounreay area (west Caithness) and microstructural
analyses of fault rocks, combined with Re-Os geochronology, have been used to date syn-
deformational fault infills (base metal sulphides) associated with the dominant set of oil-and
carbonate mineral hosting brittle faults in Caithness. It is concluded that the dominant fault
set in the region are Permian age (ca. 260 Ma).
- Chapter 3 presents a detailed structural study of Permian age volcanic lamprophyre dykes and
vents occurring in the North of Scotland to better constrain the age of deformation and
dyke emplacement. It is concluded that the dominant phase of deformation occurred syn-
chronously with emplacement of these igneous bodies and that this regional event may have
played a significant role in oil maturation in the host Devonian strata.
- Chapter 4 is a regional-scale reappraisal of the history of the Orcadian Basin System of Caith-
ness. Structural analysis and microstructural studies of fault rocks reveal 3 main groups of
structures based on orientation, kinematics and infill. These ranges from Devonian to Per-
mian in age, with the latter forming the dominant set. Local reactivation of early formed
Devonian age faults is widespread leading to local structural complexity.
- Chapter 5 investigates fracture length and aperture scaling properties in the Devonian Old Red
Sandstones in Caithness (Scotland) combining 1D and 2D analysis of fractures at regional
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and mesoscale to give preliminary information on fracture connectivity and self-similarity.
It will be shown how the better determined fracture length attribute data obtained here can
be used to up-scale fracture aperture from mesoscale to reservoir scales.
- Chapter 6 presents the conclusions and implications for the Clair Field and outlines areas for
future work.
1.4 Key Definitions and Structural Concepts
1.4.1 Faults, fractures and joints
Several different definitions of fractures, faults and joints have been proposed in the literature.
A large bibliography of definitions and terminologies for fault, fracture and joints is provided in
Schultz & Fossen (2008).
Figure 1.2: Fracture aperture modes, relative displacement and direction of propagation. (a) Mode I (exten-
sion) fracture; relative displacement is orthogonal to the fracture walls and to the direction of propagation.
(b) Mode II (shear) fracture; relative displacement is parallel to the fracture and to the direction of propa-
gation and orthogonal to the fracture edge. (c) Mode III (shear) fracture; relative displacement is parallel to
the fracture edge and orthogonal to the propagation direction (redrawn after Bons et al., 2012).
The following definitions are provided by Schultz & Fossen (2008): "considered joints and faults
as two types of fractures, with joints accommodating dilation without shear and faults accom-
modating shear displacement" and "a structure defined by two surfaces or a zone across which
a displacement discontinuity occurs including (1) dilatant-mode fractures, such as joints, veins,
and dikes; (2) contraction- or compaction-mode fractures, such as pressure-solution seams and
compaction bands; and (3) shear-mode fractures, such as faults".
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Although different definitions have been provided by experts in different fields (e.g. field study,
laboratory rock mechanics), the key element to differentiate a joint from a fault is determined by
the relative motion across a fracture. Two end members have been introduced to describe fracture
behaviour: (i) tensile fractures (Mode I) where the displacement occurs orthogonal to the crack
walls and (ii) shear fractures (Mode II and III) where the displacement occurs parallel to the crack,
orthogonally or parallel to the crack edge, respectively (e.g. Bons et al., 2012, Fig. 1.2). In other
words, a fracture showing significant evidence of shear displacement can be more appropriately
defined as "fault", while a fracture with aperture but no significant shear displacement can be more
appropriately defined as "joint" (e.g. Gillespie et al., 1993; McClay, 1990).
Joints are generally sub-planar discontinuities of different size (cm to km). They can be produced
as a consequence of burial or compaction, heating or expansion, uplift or cooling or tectonic
stresses (Neuendorf, 2005). Systematic joints are set of joints characterized by specific orienta-
tions and spacing. The spacing between similarly oriented joints can be dependent of the thickness
of the bed in which they are developed (confined joints).
Figure 1.3: Schematic illustration of size of core - damage zone end members and relative fluid flow
(modified from Caine et al., 1994).
Faults are more complex structures defined as planar or zonal structures (meter-scale or larger)
across which appreciable shear displacement discontinuities occur (Fossen et al., 2007 and ref-
erences therein). Fault zones can be very complex in terms of occurrence of structural elements
(such as slip surfaces, joints, minor fractures, veins etc.), but are generally composed of two main
parts: an outer damage zone and an inner core (Caine et al., 1996). In the core, most of the dis-
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placement is accommodated across a narrow zone of deformation where one or more slip surfaces
may occur. Here, fluids can produce alteration whilst the irregularities of the fault plane can lead to
mechanical interaction and abrasion, leading to friction and wear along the slip surfaces. The dam-
age zone is an area of more diffuse brittle fracturing and fluid-related alteration or mineralization
in the rock volume surrounding the fault where most of the displacement is accommodated.
The relative size of core and damage zones defines four end-members which have been used to
distinguish whenever a fault represents a good conduit or a barrier for fluid flow (Fig. 1.3). In
the fault core, the presence of fine grain clay-rich gouge is the main parameter which controls the
permeability (Caine et al., 1996). However, as documented by studies of hydrocarbon seals, the
heterogeneity and complex architecture of fault zones make it difficult to define individual fault
zones simply in terms of whether they are simply a conduit or a barrier (e.g. Rawling et al., 2001).
1.4.2 Fault genesis and architecture
The process of fault formation and propagation in brittle, low porosity rocks has been described in
terms of linking of microfractures and reactivation or linking of mesoscopic joints (e.g. Pollard &
Fletcher, 2005 and references therein). Small cracks coalesce in a fracture or a fault depending on
their relative orientation and orientation with respect to the stress field.
At a small scale, the deformation is initially dependent on the characteristics of the undamaged
protolith or host rock (e.g. mineralogy, grain size, porosity, etc) while at regional scale, the defor-
mation is dependent on factors like the presence or absence of mechanical layering, basin evolu-
tion, regional stress regimes, fluid pressure and burial depth (Bastesen et al., 2013).
Fault propagation, linkage and deformation along a fault plane produce fractures, veins, stylolites,
deformation bands and other features in the damage zone (Peacock et al., 2000, Du Bernard et al.,
2002).
1.4.3 The Coulomb-Navier Criterion
Stress in the Earth is conventionally described by three orthogonal principal stresses (σ1, σ2, σ3).
The Coulomb-Navier Criterion describes the basis of brittle failure for intact rock based on stress
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orientation (e.g. Yamaji, 2003; Bons et al., 2012) and it is described by the following equation:
σS = τ0 +µσN (1.1)
where σS (the brittle strength of the rock, i.e. the critical shear stress) is linearly related to the
normal stress (σN), µ is the coefficient of internal friction and τ0 is the cohesion (Twiss & Moores,
1992).
The Coulomb-Navier failure criterion predicts the critical state of stress needed to create a shear
fracture. If the orientation (θ ) of a fracture plane and the relative maximum and minimum principal
stresses (σ1 and σ3, respectively) are known, the normal (σN) and shear stresses (σS) acting on
the plane at failure can be calculated using a Mohr circle construction (Fig. 1.4a). All possible
combinations of normal stress σN (horizontal axis) and shear stress τ (vertical axis) on different
planes can be represented in a Mohr circle (Fig. 1.4; Bons et al., 2012). Failure occurs when
the Mohr circle touches the failure envelope by expanding (when the differential stress σ1−σ3
increases) or moving to the left (when pore fluid pressure increases) and the point of the circle that
first touches the envelope represents the plane along which a fracture forms (Fig. 1.4a).
Three basic types of fractures can be defined, based on the point where the Mohr circle touches
the failure envelope at the moment of failure:
- Tensile fractures (Mode I; Fig. 1.4b) occur when the Mohr circle touches the failure envelope
on the left where the Mohr circle intersects the horizontal axis; the plane that fails will
experience zero shear stress and an effective extensional normal stress (σ3 = T ).
- Obliquely opening fractures or hybrid fractures (mixed mode; Fig. 1.4b) occur when the
Mohr circle touches the failure envelope to the left of the vertical (σN = 0) axis, a plane
with a net extensional normal stress and a non-zero shear stress will fail, forming mixed-
mode fractures. The fractures will open obliquely.
- Shear fractures (Mode II/III; Fig. 1.4b) occur when the Mohr circle touches the failure enve-
lope to the right of the vertical (σN greater or equal to 0) axis, a plane with a net compres-
sional normal stress and a non-zero shear stress will fail, forming shear fractures without an
opening component.
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Figure 1.4: (a) Mohr circle representation showing also the shifts the Mohr circle to the left by Pf . (b)
Example of the position of the Mohr circle for three types of failure: (i) extensional failure with the ex-
tensional traction normal to the fracture, (ii) mixed mode failure, with the traction having an extensional
and shear component and (iii) shear failure with the traction having a compressional and shear component
(redrawn after Bons et al., 2012).
Effective tensile stresses are commonly produced by increases in pore fluid pressure (Pf ). The
pore fluid pressure does not affect the shear stress but lowers the normal stresses and its effect is
described by the following equation:
σe = σN −Pf (1.2)
where σe is the effective stress, σN is the normal stress. An increase in the pore fluid pressure
produces a shift of the Mohr circle to the left and when/if the pore fluid pressure reaches the failure
envelope of the rock, hydrofracturing occurs. Depending on the differential stress, these fractures
will be shear fractures (differential stress greater or equal to 8T ), hydrid fractures (differential
stress 4T − 8T ) or tensile (differential stress 4T or less). In the latter case, the fractures will be
oriented orthogonally to the maximum principle stress (σ1) and will open parallel to the minimum
principal stress (σ3) (mode I).
Anderson’s (1951) used the Coulomb-Navier failure criterion to provide a theoretical explanation
for the formation of the three principal fault types (normal, strike-slip and reverse) and associated
horizontal principal stress magnitude. The vertical stress is the maximum principal stress (σ1) in
normal faulting regime, the intermediate principal stress (σ2) in strike-slip regime and the least
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principal stress (σ3) in reverse faulting regime (Fig. 1.5a).
Figure 1.5: (a) Andersonian-type of faulting and relative stereonets. (b) Bimodal or conjugate faults, (c)
quadrimodal faults and (d) polymodal faults and relative stereonets. Poles to faults are shown as gray dots.
Bimodal (or conjugate) fault geometries associated with a bulk plane strain are predicted by An-
dersonian fault theory. Two fault sets form simultaneously with the maximum principal stress
(σ1) oriented as their acute bisector, the minimum principal stress (σ3) bisecting their obtuse an-
gle, and the intermediate principal stress oriented parallel to their mutual intersection. Equal area
stereoplots should show two clusters of poles (Fig. 1.5b; e.g. Healy et al., 2015).
Orthorhombic fault geometry associated with non-plane strain deformation has been observed
in natural and experimentally deformed samples by Reches (1978), Reches (1983), Reches &
Dieterich (1983) and Krantz (1988) in a rock containing many pre-existing fractures. Four sets of
contemporaneous faults will form and symmetry arguments then lead to the conclusion that all of
the fault sets formed and slipped obliquely to the direction of the intermediate principal stress (σ2)
(Healy et al., 2015). Equal area stereoplots should show four clusters of poles in such cases (Fig.
1.5c). Polymodal faults are widely documented in nature. Here, equal area stereoplots show two
diffuse clusters of variably oriented poles (Fig. 1.5d). Polymodal faults are oblique to all three
principal stresses and have been shown to develop in rocks without pre-existing fractures through
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microcrack interaction (Healy et al., 2006a; Healy et al., 2006b).
1.4.4 Fault reactivation
The shear stress needed to initiate faulting on a pre-existing surface is usually less than that re-
quired to nucleate a new fracture, unless the fault rock is well cemented (e.g. Yamaji, 2003). The
cohesion along a pre-existing fault is null (blue like in Fig. 1.4b) and the Coulomb-Navier Criteria
can be rewritten as:
τ f = µ f σN (1.3)
which is known as Amonton’s Law. τ f is the frictional strength, σN is the normal stress acting on
the surface, and µ f is the coefficient of sliding friction (Yamaji, 2003). The low friction coeffi-
cient of some materials (e.g. talc, serpentinite and smectite) can weaken fault planes and lead to
reactivation (e.g. Wintsch et al., 1995; Yamaji, 2003; Imber et al., 2008).
1.4.5 Fault rocks in the brittle deformation regime
Different fault rocks are produced at different depths and deformation regimes: i) in the shallow
crust (ca. <10 km) under low P-T conditions and fast strain rates, brittle faults are generated.
In the shallowest regions (<5 km depth) fault rocks are generally incohesive gouge and breccias,
whilst at greater depth (ca. >5 km), the higher confining pressures produce cohesive cataclasites
which can also be foliated (Sibson, 1977; Fig. 1.6). In the brittle deformation regime, the depth,
fluid circulation, mineralogy and rheological conditions (P-T conditions, strain rate, fluid pressure,
stress, etc.), determine the type of fault rock produced.
The conventional classification of fault rocks by Sibson (1977) is based on the cohesion at the time
of the fault movement, matrix or cement and the clast size (Fig. 1.7a). Recently, some researchers
(Woodcock & Mort, 2008) questioned the capacity of detecting cohesion at the time of the fault
movement in the field and proposed a non-genetic fault rock classification based mainly on the
grain size (Fig. 1.7 b). Aspects such as proportion of matrix and cement are considered as optional
classification criteria.
A fault breccia is a rock consisting of angular clasts produced by friction in upper crustal fault
zones, especially in the first few km beneath the surface (Fig. 1.6; Twiss & Moores, 1992; Wood-
cock & Mort, 2008).
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Figure 1.6: Schematic illustration of deformation regimes and associated fault rocks with depth after Sibson
(1977) and Holdswoth (2001).
Their main characteristic is the lack of primary cohesion at the time of the fault movement. In the
classification introduced by Woodcock & Mort (2008), textural terms used in the cave-collapse
literature have also been introduced to define breccia-types: crackle, mosaic and chaotic breccia.
A crackle breccia shows clasts with little rotation and limited seams of matrix or cement between
clasts (Fig. 1.8a), while a mosaic breccia shows progressively more rotation and increase in the
interclast space (Fig. 1.8b) and a chaotic breccia shows clasts strongly rotated leading to a loss
of any geometric fit between adjacent clasts (Fig. 1.8c). The bounds between these three classes
correspond to 60% and 75% of clasts with diameter greater than 2mm.
Cataclastic rocks are characterised by sharp angular shapes of clasts and grains, transgranular
fractures and a large grain size range and they have been produced by fracturing in increasingly
small fragments (Twiss & Moores, 1992). Increasing amounts of grain size reduction and increase
of volume of cataclastic material are accompanied by rotation of grain fragments, frictional grain
boundary sliding and dilatancy (e.g. Sibson, 1977; Twiss & Moores, 1992).
A gouge is formed by highly crushed rocks and mineral fragments typically set in a rich clay











Figure 1.7: Classification of fault rocks by (a) Sibson (1977) and (b) Woodcock (2008)
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Figure 1.8: Example of (a) crackle, (b) mosaic and (c) chaotic breccia (images from Woodcock, 2008).
1.4.6 Veins and Dykes
Both veins and dykes are defined as mineral aggregates that precipitated/crystallised from a fluid
in a dilational site (e.g. Bons et al., 2012). They are common in brittle fault rocks because of the
periodic development of high fluid pressures.
Veins are very common features in rocks and they can provide useful information about the de-
formation history and characteristics of the circulating fluids (e.g. Bons, 2001). The analysis of
the shape, orientation and internal structure of veins is useful to determine stress, strain and fluid
pressure. Geochemical analysis can also provide information of metamorphic conditions, fluid
composition and fluid origin (Bons et al., 2012). In most cases, crack opening and filling do not
represent a unique event, but represent different stages of a continuous deformation (Passchier &
Trouw, 1996).
Mineral growth directions and crystal shape (e.g. blocky, fibrous) provide information about vein
evolution and the relative motions of the veins walls (e.g. from the vein wall into the vein, or in
the opposite direction) (Passchier & Trouw, 1996; Oliver & Bons, 2001; Nollet et al., 2005; Bons
et al., 2012). Based on growth direction, vein fillings can be classified in syntaxial, antitaxial or
stretching vein while based on crystal shape, as blocky, fibrous and stretched (Bons et al., 2012;
Fig. 1.9).
Syntaxial veins (Fig. 1.9) form by the vein-filling minerals growing out from the wall rock of
the vein, (commonly both sides) towards the centre. The crack-seal mechanism is recognized for
this vein type (Fig. 1.9). Stretching veins are also formed by the crack-sealing mechanism. The
distinguishing feature is that in syntaxial veins, the crack surface represents the growth front where
the growing crystals from both sides converge, while in stretching veins the crack surface can cut
through previously precipitated material and even through the wall rock (Bons et al., 2012).
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Figure 1.9: (a) Basic scheme linking vein types and internal crystal morphology to localisation of the
growth plane and number of crack seal events. Main vein crystal types: (b) blocky, (c) elongate blocky, (d)
stretched crystals and (e) fibrous (Bons et al., 2012).
Antitaxial veins (Fig. 1.9) remain the least understood (Bons et al., 2012). They typically have a
median line which is the substrate from which the vein crystals grow outwards in both directions
as the vein widens and they show symmetry along this median zone (Bons et al., 2012). They have
typically fibrous crystals with sometimes extreme length/width ratios (Bons et al., 2012).
1.4.7 Deformation Bands (or granulation seams)
Deformation bands are millimeter-thick tabular zones that result from strain localization processes
in highly porous granular media (e.g. Schultz & Fossen, 2008; Schueller et al., 2013). The term
deformation band in sandstones was used for the first time by Aydin (1978) and several other terms
have been use to describe the same type of structure such us granulation seams and cataclastic slip
bands (Fossen et al., 2007).
A recent review by Fossen et al. (2007) summarizes all the main characteristics of deformation
bands. Deformation bands form in porous sands and sandstones by rotation and translation of
grains causing friction and sliding along grain boundaries (Fig. 1.10). They do not always rep-
resent a slip surface but slip surfaces can form within bands or, more commonly, along or within
zones of deformation bands, representing a more mature stage in the development of deformation
band faults.
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Figure 1.10: Classification of deformation bands (Fossen et al., 2007)
Deformation bands occur hierarchically as individual bands, as zones of bands, or within zones
associated with slip surfaces (also known as faulted deformation bands) (Aydin & Johnson, 1978;
Johansen & Fossen, 2008).
Individual deformation bands rarely host offsets greater than a few centimetres even when the
bands themselves are 100 m long. Localized higher-offset faulting in porous rocks commonly
occurs by the failure of existing deformation band zones along a slip surface. They are found in
many upper-crustal tectonic and non-tectonic regimes (Fossen et al., 2007).
Differences in their mechanical evolution and structural expression allow deformation bands to be
distinguished from ordinary fractures (such as slip surfaces or extension fractures). Deformation
bands are generally thicker and exhibit smaller offsets than classical slip surfaces of comparable
length. Also, whereas cohesion is lost or reduced across ordinary fractures, most deformation
bands maintain or even increase cohesion. Furthermore, deformation bands often exhibit a reduc-
tion in porosity and permeability, whereas both slip surfaces and tension fractures are typically
associated with a permeability increase. Strain hardening behaviour, commonly associated with
deformation band formation, also contrasts to the strain softening associated with many classical
fractures (Fossen et al., 2007).
The dominant deformation mechanisms recognised in deformation bands are: (1) granular flow
(grain boundary sliding and grain rotation), (2) cataclasis (grain fracturing and grinding or abra-
sion), (3) phyllosilicate smearing and (4) dissolution and cementation (Fig. 1.11; Fossen et al.,
2007).
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Figure 1.11: Principal type of deformation bands based on their mechanism (Fossen et al., 2007).
1.4.8 Kinematic indicators and crosscutting relationships
Linear features which occur on the fault plane represent the most direct analysis of the direction of
movement. They can be divided into slickenlines and slickenfibres and are produced by the sliding
of the two fault surfaces over one another (e.g. McClay, 1990). Slickenlines are grooves produced
by the more resistant and harder materials during the movement along a fault while slickenfibres
are generally composed of fibrous crystals (e.g. calcite or quartz) which precipitate in the gap
between the two faults surfaces due to the shape irregularity of the fault plane (Fig. 1.12). Both
slickenlines and slickenfibres, when well preserved, show a stepped appearance that can be used
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to infer the sense of relative shear motion across the fault plane.
Figure 1.12: Schematic block diagram of a dextral strike-slip faults and relative kinematic indicator on
fault planes (slickenfibres, striation and grooves).
Subsidiary fracture arrays (e.g. Riedel shears and T fractures; Fig. 1.13) and the internal fabrics
of gouge, cataclasite or breccia can also provide useful information about the shear sense (e.g.
Passchier & Trouw, 1996). R shears form at 15◦ to the main fault, are synthetic to the master fault
with the same sense of shear, whilst R’ are orientated at 75-80◦ to the master fault, are antithetic
with opposite sense of shear (Twiss & Moores, 1992). P shears and T (or tensile) fractures form
at a small angle (10◦) and at 30-90◦ to the master fault, respectively (Twiss & Moores, 1992).
Figure 1.13: Schematic representation of a sinistral master fault with associated riedel shear minor struc-
tures.
22 Introduction
Crosscutting and abutting relationships are important in order to establish the chronology or rel-
ative ages of geological events and they are based on the principle that any feature (e.g. fault,
vein, dyke) that cuts a host rock or other structures is younger than that feature in a relative sense
(Fig. 1.14). Crosscutting relationships should be carefully documented and observed consistently
in more than one location in order to be trustable. Mutual crosscutting of structures is indicative
of events that are broadly coeval in geological time. In this study this principle has been used to
define different group of structures/events (e.g. see Chapter 4).
Figure 1.14: Oblique and plan view of a block diagram showing crosscutting relation between differently
oriented structures (early structure in orange and later fault in green)
1.4.9 Transtensional and transpressional regimes
Transpression and transtension represent an inevitable consequence of plate motion on a spherical
surface (Dewey et al., 1998). It has been estimated that about 50% of the modern divergent plate
boundaries are significantly oblique and it is likely that ancient tectonic margins have undergone
similar oblique motion in the geological past (Woodcock & Daly, 1986). In 1971, Harland showed
in his work how different tectonic regimes can be easily illustrated in a schematic 2D plane plate
diagram. The boundary of the moving plate in the centre of the picture show different tectonic
regimes around its boundaries because of the different angles between the boundary itself and the
relative plate motions (Fig. 1.15 left).
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Figure 1.15: Schematic plan view of 2 plates generating different regimes at their margins (a) extension,
(b) strike-slip d-dextral and s-sinistral, (c) compression, (ab) transtension and (bc) transpression (Harland,
1971 modified)
Tectonic margins are rarely orthogonal to plate convergence and divergence because they often
represent an inherited zone of weakness due to a previous crustal strain (Holdsworth et al., 1997,
Dewey et al., 1998).
Transtension and transpression have been included into the Andersonian model of faulting (see
Section 1.4.3) to describe the 3D strain patterns that characterizes crustal deformation. Transten-
sion (and transpression) has been defined as the combined action of wrench simple shear and
extensional pure (or shortening) orthogonal to the deformation zone boundary (Fig. 1.16a, Dewey
et al., 1998, De Paola et al., 2005a). The Sanderson & Marchini (1984) transtensional model (Fig.
1.16b) shows the deformation of a unit cube assuming that the fault boundaries are vertical and
parallel and assuming that the volume in the fault zone is constant, that the deformation occurs
in an ideal incompressible material (Poisson’s ratio ν = 0.5). The horizontal extension across the
fault zone is entirely balanced by vertical shortening.
The angle α between the bulk of the displacement and the deformation zone defines the strain
type: 0◦ < α < 90◦ defines transtension (Fig. 1.16c left), α = 90◦ defines pure extension (Fig.
1.16c center) and α = 0◦ defines wrench regime (Fig. 1.16c right).
De Paola et al., 2005a pointed out the importance of Poisson’s ratio of different rocks in determin-
ing deformation patterns: the Poisson’s ratio influence the αcrit (Fig. 1.16d) modifying the size of
the wrench dominated area and extension dominated area in both transtension and trasnspression
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(Fig. 1.16e)
Figure 1.16: Schematic diagram showing (a) compressive structures and associated folds, (b) extensional
faults and associated folds, (c and d) transpression and transtension structures and associated folds (De
Paola et al., 2005 modified).
Folds can be produced in both transpressional and transtensional regimes and they differ in ori-
entation because of the component of motion which contribute to their formation (Figs 1.17a-b):
in transtensional regime it is only the wrench component causing folding, while in the transpres-
sional regime both compressive and wrench components cause folding (e.g. Tikoff & Peterson,
1998; Venkat-Ramani & Tikoff, 2002; Fossen et al., 2013). In both regimes fold hinges rotate with
the axes of the horizontal finite strain ellipse but, for large amount of deformation, transpressional
(to wrench) fold hinges rotate toward parallelism with the fault boundary while transtensional fold
hinges rotate toward parallelism with the oblique divergence direction (Venkat-Ramani & Tikoff,
2002, Fig. 1.17c).
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Figure 1.17: Plan view showing fold orientation in (a) transpressional and (b) transtensional regimes. (c)
Schematic diagram showing fold shape and orientation of horizontal infinitesimal strain and horizontal finite
axes in wrench- and pure-shear dominated transtension. For large amount of deformation, transtensional
fold hinges rotate toward parallelism with the oblique divergence direction, Venkat-Ramani & Tikoff, 2002.
1.5 Methodology – an integrated multi-scale analysis
This section describes and explains the multiscale methodology used in this research (Fig. 1.18).
Figure 1.18: Schematic diagram showing the multiscale methodology used in this study.
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1.5.1 Regional-scale analysis: Photo-lineament analysis
A lineament is a "mappable" simple or composite linear geomorphic feature of regional extent.
Lineaments maps are normally observed and traced using aerial photography and/or some form of
remote sensing imagery (e.g. Landsat). The lineaments shape is typically rectilinear or slightly
curvilinear (O’leary et al., 1976). Lineaments may include linear topographic expressions like
valleys, ridges, scarps, drainage patterns in streams, coastlines and vegetation (Clark & Wilson,
1994). Other morphological structures can be aligned along a specific trend and become linked to-
gether and appear as a lineament. These surface expressions are conditioned by outcrop situations
and may be directly related to faults, folds, or significant zones of fracturing. However, lineaments
should not be treated as individual distinct structural elements, but their importance has to be at-
tributed to a statistical meaning of their trends and lineament interpretation should be checked by
fieldwork.
Image interpretation (or photo interpretation) is defined as the extraction of qualitative and quanti-
tative information in a form of the map, concerning the shape, location, structure, function, quality,
condition, relationship of and between objects etc. by using human knowledge and experience.
Eight elements are mostly used in photo interpretation: size, shape, shadow, tone, colour, texture,
pattern and associated relationship or context.
One common application of lineaments interpreted from satellite images is to reveal dominant
azimuth sets whose orientations give an idea of the regional fracture pattern of selected areas (e.g.
McElfresh et al., 2002; Wilson et al., 2010).
For the purpose of this study, a topographical database using available maps for GIS on Digimap
web-source (vector format, at 1: 10,000 scale) and a geological database using British Geological
Survey Maps (raster format, at 1: 50,000 scale) and available geological maps on Digimap (vector
format at 1: 50,000 scale) was created and managed using ArcGis 10. The photogeological analy-
sis was carried out picking the lineaments of the study area using the available basemaps (Google
Earth images) in ArcGis10. A unique shapefile covering the whole study area was created. The
interpretation technique followed is entirely visual: each clear and straight segment is picked out,
traced and saved in the shapefile which was also linked to an attribute table where orientation,
length and coordinates of the starting point and ending point of each lineament were recorded
using the Easy Calculator Tool available for ArcGis. The attribute table was used to present lin-
eament statistics in: (i) rose diagrams showing the orientation of lineaments (e.g. all lineaments
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or lineaments in sub-areas, or sub-sets of lineaments), (ii) lineament density maps (e.g. all linea-
ments or selected sets of lineaments, number or total length of lineaments per defined cell area
or total length of lineaments transecting a cell area), (iii) density of lineament intersections per
defined cell area.
Groups of tectonic trends have then been investigated on existing geological maps and during field-
work. Almost all the significant onshore exposures of Devonian rocks in Caithness occur along
the coast and, similarly, lineaments related to geological features are restricted to the coast. Avail-
able lineament data from previous work (Wilson et al., 2010) were also analysed and compared to
the new lineament analysis to offer an integrated and multiscale analysis of the area of interest.
1.5.2 Sub-regional Scale – Field Based Techniques (Structural Data and Mapping)
The methodology used during the fieldwork involved making general and detailed observations,
and structural measurements (e.g. bedding, lithology) of the outcrops and produce sketches. Mea-
surements of fault orientation (and when preserved kinematics), folds and lineations were col-
lected. These data were integrated with information about associated mineralisation and alteration
of the fault rocks, trend and opening direction of faults, veins and dykes. These aspects were
recorded in notebooks, on topographic maps, and were additionally documented by photographic
records at different scales, and therefore levels of detail, and associated GPS location. These data
were further complimented by sampling the associated fault rocks, fractures fills, and veins in
order to analyse the style of deformation and possible mineral associations.
1.5.3 Stress inversion techniques
Modern stress inversion techniques calculate the stress tensor associated with a set of coeval kine-
matic indicators (e.g. slickenlines) measured directly from sets of related fault surfaces. All stress
inversion techniques have an intrinsic set of assumptions and criteria.
Several graphical and numerical approaches have been proposed (e.g. Angelier & Mechler, 1977;
Etchecopar et al., 1981; Angelier, 1991; Michael, 1984; Reches, 1987; Yamaji, 2000; Delvaux &
Sperner, 2003). Generally the analysis produces a reduced stress tensor with just four parameters
(Etchecopar et al., 1981): the orientation of the three principal axes (σ1, σ2 and σ3) and a shape
factor δ= (σ2 – σ3) / (σ1 – σ3). This tensor represents, in adimensional form, the deviatoric com-
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ponent of the total stress tensor; the isotropic component does not influence shear stress on fault
surfaces. Ideally, the most robust numerical solution requires at least four statistically independent
structure sets to be measured (see Angelier, 1991).
Fault-slip slickenline data were collected in situ and conventional stress-inversion techniques (An-
gelier, 1979, Angelier, 1984; Michael, 1984) were carried out using MyFault software to calculate
the minimized shear stress variation. This method assumes that all slip events are independent but
occur as a result of a single stress regime. Any analysis of this kind is only viable in regions where
finite strains are modest and the presence of major fault block rotations can be ruled out.
I tested the five different inversion methods offer by MyFault in order to observe the difference in
the inversion results and in the predicted Mohr’s circles (Fig. 1.19). In the following sections I
report a synthesis of the different methods, assumptions and limitation as provided in the MyFault
software help and a comparison of the relative results. Two ideal sets of faults have been chosen:
NE-SW trending faults with dextral oblique kinematics and E-W trending faults with sinistral
kinematics (data and relative stereonet are shown in Fig. 1.19a).
1.5.3.1 Simple shear tensor average
In this method, proposed by Sperner et al. (1993), a simple shear stress state is assigned to each
fault, with the intermediate principal stress lying in the fault plane perpendicular to the slip di-
rection. The individual stress tensors can then be averaged together to give an estimate of the
collective stress tensor. The angle between the maximum principal stress and the fault plane can
be varied to search for the minimum deviation between the faults in the set; MyFault automati-
cally scans between 0 and 45◦. The method assumes that slip occurs in the same direction as when
the fault was first formed, and it does not allow for an estimate of the intermediate principal stress.
Its average value will tend to lie close to 0.5, where the maximum and minimum principal stresses
are normalised to 1 and 0, respectively. As such, in all the inversion methods detailed here, the
stress ratio: (intermediate-minimum) / (maximum-minimum) is equal to the intermediate stress.
In the Simple shear tensor average (and for all the other methods described here) the uncertainties
in these quantities are estimated using the bootstrap resampling method. For each calculation,
MyFault randomly samples the record set, choosing the same number of records for the new set
as were in the original. Since the sampling is random, there will necessarily be duplication of one
or more of the original records. It then computes the principal stress tensor for each resampled
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set and computes its tensor distance from the principal stress tensor of the full original record set
(Michael, 1987b).
Figure 1.19: (a) Example of 2 ideal sets of fractures data and relative equal area stereonet plot. (b) Principal
stress direction and extension direction for the 5 following stress inversion methods: (c) Simple shear ten-
sor average method, (d) Minimized principal stress variation method, (e) Minimized shear stress variation
method, (f) Minimized Non-slip shear stress method and (g) Fry’s hyperplane average method.
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The stress inversion result obtained for the 2 sets of faults in Fig. 1.19a is shown in Fig. 1.19c and
the principal stress directions in Fig. 1.19b 1.
1.5.3.2 Minimized Principal-stress variation
This method, proposed by Reches (1987), assumes that the stress resulting in fault slip obeys a
Coulomb yield criterion, τ =C+µσ , where τ is the shear stress resulting in slip, C is the cohesion
stress, µ is the friction coefficient and σ is the normal stress acting on the fault. Assuming that all
faults in the set were subject to the same regional stress state, then the principal stresses should be
the same for all faults. It should be noted, however, that local effects, such as variations in material
properties, will cause the actual stress state to vary between faults. To estimate the regional stress,
it is assumed that the best value is found by minimising the variations of the computed principal
stresses within the fault set, using the same cohesion and friction coefficient for all faults. This
assumption leads to determination of a set of linear equations in C, µ and six principal stress
components. C represents the hydrostatic or lithostatic component, and is therefore unknown; It
is assumed to be zero because the mean stress (and hence the absolute normal stress) is unknown.
All stresses are normalised so that the maximum principal stress equals 1 and the minimum equals
0. To find the value of µ , MyFault solves the equations using a range of friction angles from 0 to
45◦, choosing the value that gives the minimum variation in principal stresses for all faults. The
stress inversion result obtained for the 2 sets of faults in Fig. 1.19a is shown in Fig. 1.19d and the
principal stress directions in Fig. 1.19b 2.
1.5.3.3 Minimized shear-stress variation
This method has been proposed in Michael (1984); Michael (1987b); Michael (1987a); Michael
(1991). Slip on a fault surface occurs when the resolved shear stress on that surface exceeds
the frictional resistance to slip. For a uniform regional state of stress, the direction of slip will
depend on the orientation of the fault and local factors such as frictional anisotropy. Thus the
actual slip direction may not coincide with the maximum resolved shear stress. To estimate the
regional stresses, this method applies the assumption that the magnitude of the slip stress on the
fault is similar for all faults in the set at the time of slip. Thus, minimising the variations in slip
stress among the faults leads to determination of a set of linear equations, which are solved by
the standard eigenvector method, giving the three principal stresses and their direction. The stress
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inversion result obtained for the 2 sets of faults in Fig. 1.19a is shown in Fig. 1.19e and the
principal stress directions in Fig. 1.19b 3.
1.5.3.4 Minimized non-slip shear-stress
This method has been proposed by Angelier (1984). The deviations between the maximum re-
solved shear stress on the fault plane and the actual slip direction lead to a non-linear minimi-
sation problem. A set of linear equations can be derived instead by minimising the variations
in the non-slip stress (the shear stress component in the fault plane normal to the slip direction)
among the faults. These equations are solved by the standard least squares technique, giving the
three principal stresses and their direction. Again, because the mean stress during slip is gener-
ally unknown, the principal stresses are normalised such that the maximum stress equals 1 and the
minimum equals 0. The stress inversion result obtained for the 2 sets of faults in Fig. 1.19a is
shown in Fig. 1.19f and the principal stress directions in Fig. 1.19b 4.
1.5.3.5 Fry’s hyperplane average
In order to estimate the regional stresses, this method transforms the data to a 5- component
reduced stress space (Fry, 1999; Fry, 2001). In such coordinates, idealised slip on all possible
faults occurs on a hyperplane, whose normal is the stress tensor giving rise to the slip. Thus the
problem is reduced to finding the hyperplane best fitting the measured fault slip data (Shan et al.,
2003; Shan et al., 2004; Li et al., 2005). Using the eigenvectors of the measurements in the 5-
component space, the minimum eigenvector gives the bestfitting stress components. Converting
back to normal space gives the stress tensor. The stress inversion result obtained for the 2 sets of
faults in Fig. 1.19a is shown in Fig. 1.19g and the principal stress directions in Fig. 1.19b 5.
In this study the results of the stress inversions have been verified using deductions concerning
strain based on structural observations made in the field and the analysis of entire datasets was
combined with analysis of selected localities, sub-localities and/or fault zones.
The stress inversion results obtained using the different methods described above have been ap-
plied to the "real" data collected in this study and an example of the results from Skarfskerry
dataset is reported in Fig. 1.20.
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Figure 1.20: Stress inversion results for the data collected at Skarfskerry using: (a) Simple shear ten-
sor average method, (b) Minimized principal stress variation method, (c) Minimized shear stress variation
method, (d) Minimized non-slip shear stress method and (e) Fry’s hyperplane average method.
The result obtained for the Simple shear tensor average method shows WNW-ESE horizontal ex-
tension (Fig. 1.20a) and principal stress directions at 194◦/31◦ (maximum), 050◦/54◦ (intermedi-
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ate) and 294◦/17◦ (minimum). The result obtained for Minimized principal stress variation method
shows NW-SE horizontal extension (Fig. 1.20b) and principal stress directions at 229◦/53◦ (max-
imum), 056◦/37◦ (intermediate) and 323/3◦ (minimum). Similarly, the Minimized shear stress
variation method shows NW-SE horizontal extension (Fig. 1.20c) and principal stress directions
at 231◦/47◦ (maximum), 055◦/43◦ (intermediate) and 323◦/2◦ (minimum). The Minimized non-
slip shear stress method shows WNW-ESE horizontal extension (Fig. 1.20d) and principal stress
directions at 177◦/54◦ (maximum), 038◦/28◦ (intermediate) and 297◦/20◦ (minimum). Finally, the
Fry’s hyperplane average method shows NW-SE horizontal extension (Fig. 1.20e) and principal
stress directions at 206◦/37◦, 059◦/48◦ and 309◦/17◦.
Similarly to what was proposed by Walker (2010), the stress inversion method used in this work
has been the one which proved to be the most consistent with geological structures measured in
the field. Although in the large majority of the locations only small variations in the orientation
were observed by using different methods (see e.g. Fig. 1.20), the Minimized shear stress method
appeared to be: i. the one which more consistently gave an extension direction fitting best with
the poles to tensile veins measured in the field; or ii. the one that gives a direction that best bisects
a set of conjugate shear fractures; or iii. the one which gives the smallest errors.
1.5.4 Micro-scale: thin-section analysis
In structural geological studies, the orientation of hand specimen collected during field collection
is essential and it is generally done by marking dip and strike on a planar surface of the specimen.
This still leaves two possible orientations, since the mark could be made on the top surface or
on the lower side of a sample (Passchier & Trouw, 1996) so this must be noted at the time of
collection. Lineations play an important role in deciding how a thin-section is to be cut; generally
sections are cut parallel to the local slickenlines/slickenfibres on fault/fracture surfaces.
Samples of incohesive clay gouge were obtained by gentle excavation using a chisel and were set
in resin before being thin-sectioned.
Polished sections and thin-sections without cover glass are used for optical and SEM work and for
observations of opaque minerals, reflected light are used. The standard thickness of thin-section
is 30 µm.
During the fieldwork oriented samples of fault rocks and fracture fills were collected of each of
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the different trends and groups of structures (see Chapter 4). The samples have been studied at
micro-scale to investigate crosscutting relationship between structures (e.g. veins, fractures, fluid
inclusions and mineralization) and the style of deformation. Microphotographs at different scales
where taken with the Nikon LV100 Optical Microscope at Durham University Labs. Samples of
pyrite and bitumen were also collected for geochronological dating using the Re-Os methodology.
The samples were collected where abundant mineralization occurred in fault rocks and care was
taken to not contaminate the sample by hammering.
1.6 The role of open fractures in the reservoir potential
Analogue reservoir modelling is widely used to study the effects of reservoir geometry (e.g. fa-
cies distribution) and heterogeneity (e.g. faults and fractures) (e.g. Rotevatn & Fossen, 2011).
The distribution and geometry of sealing faults and conductive faults and fractures represents a
key feature in all the stages of field development and drilling plans for fractured reservoirs (Barr,
2007). Although it may be difficult to decide whether a fault represent a conduit or barrier, un-
derstanding the genesis of fractures represents a starting point in understanding fault properties.
Mode I fractures (e.g. joints) occur in many outcrops, but may not contribute greatly to fluid flow
at depth because they lack significant aperture at depth due to the increase of confining stress con-
ditions closing up any open fractures. Considering a Mode I fracture as a planar smooth surface,
for a length of 1 meter, the maximum reasonable aperture in depth is considered to be about 0.01
mm. However fractures are unlikely to be perfectly planar and a small residual aperture will occur
(Zoback, 2007).
Mode II and III fractures (shear fractures) represent better conduits for flow compared to Mode I
because shearing produces brecciation and dilatancy in the core and fracturing in the damage zone
(see fault architecture in Section 1.4.2) producing appreciable permeability (Zoback, 2007). Over
geological time, Mode I fracture can experience changes in the stress conditions which can lead to
reactivation if they are opportunely oriented to the stress field. This reactivation produces Mode II
and Mode III fractures increasing the fluid potential of the structure (Zoback, 2007).
Discontinuities in compact, non-porous rocks (e.g. basement rocks) produce increased permeabil-
ity along and within fault zones (e.g. Landes et al., 1960) while in highly porous rocks sharp
discontinuities (e.g. very fine-grained cataclastic fault rock) can restrict flow perpendicular to the
structures because they can reduce porosity and permeability. Compactional shear bands are the
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most common type of tabular discontinuity encountered in highly porous rocks (e.g. Fossen et al.,
2007) and the reduction in porosity and permeability is the most common effect such structures
have in petroleum reservoirs.
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Abstract
The Devonian Orcadian Basin in northern Scotland belongs to a regionally linked system of post-
Caledonian continental basins extending northwards to western Norway and eastern Greenland.
Extensional fault systems that cut the Orcadian Basin sequences are commonly assumed to be
Devonian, with some limited inversion and reactivation proposed during the Carboniferous and
later times.
We present a detailed structural study of the regionally recognized fault systems exposed in the
Dounreay area of Caithness which host significant amounts of authigenic mineralization (carbon-
ate, base metal sulphides, bitumen). Structural and microstructural analyses combined with Re-Os
1submitted as: Dichiarante, A. M., Holdsworth, R. E., Dempsey, E. D., Selby, D., McCaffrey, K. J. W., Michie,
U. M., Morgan, G. & Bonniface, J. (2016). New structural and Re–Os geochronological evidence constraining
the age of faulting and associated mineralization in the Devonian Orcadian Basin, Scotland. Journal of the
Geological Society, 173(3), 457-473. http://jgs.geoscienceworld.org/content/early/2016/02/05/jgs2015-118
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associated mineralization in the Devonian Orcadian Basin, Scotland
geochronology have been used to date syn-deformational fault infills (pyrite) suggesting that fault-
ing, brecciation and fluid flow events are likely to have occurred during the Permian (267.5 ± 3.4
[3.5] Ma). Stress inversion of fault slickenline data associated with mineralization suggest a NW-
SE regional rifting, an episode also recognized farther west in Sutherland. Thus a dominant set of
Permian age brittle faults is now recognized along the entire north coast of Scotland forming part
of the regional-scale North Coast Transfer Zone located on the southern periphery of the offshore
West Orkney Basin.
Keywords: faulting, mineralization, West Orkney Basin, Orcadian Basin, Re-Os geochronology,
Dounreay
2.1 Introduction
It has long been recognized that individual regional faulting episodes are often associated with
characteristic fault rocks and/or mineral vein fillings (e.g. Sibson, 1977; Passchier & Trouw,
2005). It is usually easy to establish the relative ages of different fault rocks and vein fills based on
cross cutting relationships observed both in the field and thin section (e.g. see Imber et al., 2001;
Dempsey et al., 2014). The absolute dating of fault movements based on geochronological dating
of fault rocks or newly-formed syn-tectonic minerals has proved to be rather more problematical.
This is due to both a lack of sufficiently robust isotopic systems and suitable geological materials,
especially in upper crustal settings (e.g. see van der Pluijm et al., 2001 and references therein).
Absolute ages of both base metal sulphide mineralization (e.g., molybdenite, pyrite, chalcopyrite)
and hydrocarbon maturation (oil, bitumen) can be determined by Re-Os geochronology (e.g. Stein
et al., 2001; Morelli et al., 2004; Selby et al., 2009; Finlay et al., 2011; Finlay et al., 2012) in a
wide variety of crustal and tectonic settings. Both base metal sulphides and hydrocarbons are
widely found associated with upper crustal faulting episodes in sedimentary basins and basement
terrains worldwide. Provided there is field and microstructural evidence to show that dated fault
rocks or vein fills are syn-tectonic with respect to faulting, this allows dating of the mineral fills
to also be used to constrain the absolute timing of brittle deformation events (e.g. Vernon et al.,
2014; Holdsworth et al., 2015).
In this paper, we present a structural geological analysis of faults, fractures and minor folds devel-
oped in Middle Devonian rocks of the Orcadian Basin (Fig. 2.1) in the Dounreay region between
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Figure 2.1: (a) Regional geological map of Northern Scotland and associated offshore regions adapted from
Evans et al. (2003) showing the main basins, regional fault systems and onshore Devonian sedimentary
outcrops. NHT = Northern Highland Terrane; CHT = Central Highland Terrane; O = Orkney; S = Shetland;
DH = Dunnet Head. (b) Simplified reconstruction of the palaeocontinental fragments around Britain, East
Greenland and Norway prior to continental break up and opening of the Atlantic (Woodcock and Strachan,
2012 modified). Yellow star shows the area of study.
Sandside and Crosskirk bays on the north coast of Scotland (Fig. 2.2a). The dominant NNE-SSW-
trending brittle faults are closely associated with syn-tectonic carbonate-sulphide-hydrocarbon (bi-
tumen) mineralization. We use Re-Os geochronology to ascertain the absolute age of the miner-
alization and therefore the timing of this regionally recognized episode of faulting. In-situ kine-
matic indicators from the faults are then employed to carry out stress inversion analyses to assess
the style of tectonism and direction of regional extension. We show that the age of mineralization
and faulting is significantly younger than has hitherto been assumed and then examine the impli-
cations of our findings for the understanding of Late Palaeozoic to Mesozoic tectonics in this part
of Scotland.
46
New structural and Re-Os geochronological evidence constraining the age of faulting and
associated mineralization in the Devonian Orcadian Basin, Scotland
Figure 2.2: (a) Onshore geological map of the Dounreay coastal region (after BGS 2005) combined with
nearshore bathymetric image coloured for depth. (b) Cross-section intersecting the Nirex BH1 and BH2
boreholes (modified after BGS 2005) – line of section shown in a). Boxes show location of maps shown in
Figs 5a and 7a.
2.2 Regional Geological Setting
2.2.1 Orcadian basin
The Devonian Orcadian Basin occurs onshore and offshore in the Caithness, Orkney and the
Moray Firth regions of northern Scotland, overlying Caledonian basement rocks of the North-
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ern (Moine) and Central Highland (Dalradian) terranes (Fig. 2.1; Johnstone & Mykura, 1989;
Friend et al., 2000). The Orcadian Basin belongs to a regionally linked system of Devonian basins
that extend northwards into Shetland, western Norway and eastern Greenland (Fig. 2.1; Seranne,
1992; Duncan & Buxton, 1995; Woodcock & Strachan, 2012). It is partially overlain by a num-
ber of Permian to Cenozoic, mainly offshore basins, including the West Orkney and Moray Firth
basins (Fig. 2.1).
Lower Devonian (Emsian) syn-rift alluvial fan and fluvial-lacustrine deposits are mostly restricted
to the western part of the Moray Firth region (Rogers et al., 1989) and parts of Caithness (NIREX,
1994c) occurring in a number of small fault-bounded basins of limited extent. These are partially
unconformably overlain by Middle Devonian (Eifelian-Givetian) syn-rift alluvial, fluvial, lacus-
trine and locally marine sequences that dominate the onshore sequences exposed in Caithness,
Orkney and Shetland (Fig. 2.1, Marshall & Hewett, 2003). These are overlain by Upper Devonian
(latest Givetian-Famennian) post-rift fluvial and marginal aeolian sedimentary rocks (Friend et al.,
2000). In Caithness, these younger rocks are only found in a fault-bounded outlier at Dunnet Head
(Fig. 2.1).
2.2.2 Basin Formation
The origin of the Orcadian and nearby West Orkney basins have been a matter of some debate.
Interpretations of deep crustal and shallow commercial seismic reflection profiles north of Scot-
land suggested that the West Orkney Basin comprises a series of half grabens bounded by easterly
dipping normal faults (e.g. Brewer & Smythe, 1984; Coward & Enfield, 1987). Earlier interpreta-
tions (e.g. McClay et al., 1986; Enfield & Coward, 1987; Norton et al., 1987) suggested that much
of the basin fill was Devonian and that both the Orcadian and West Orkney basins formed due to
the extensional collapse of the Caledonian orogeny. In these models, the graben-bounding faults
were interpreted to root downwards into extensionally reactivated Caledonian thrusts. More recent
studies have cast doubt on these models, showing that the fill of the West Orkney Basin is predom-
inantly Permo-Triassic (e.g. Stoker et al., 1993) and that there is only limited onshore evidence
for basement reactivation (e.g. Roberts & Holdsworth, 1999; Wilson et al., 2010). Rifting in N
Scotland during the Devonian is now considered to be related to regional sinistral transtension dur-
ing left-lateral shear along the Great Glen-Walls Boundary Fault system (Seranne, 1992; Dewey
& Strachan, 2003; Watts et al., 2007); the dominant rift controlling faults at this time trend gener-
ally N-S and facilitate E-W extension (see Wilson et al., 2010). The extent of post-Carboniferous
48
New structural and Re-Os geochronological evidence constraining the age of faulting and
associated mineralization in the Devonian Orcadian Basin, Scotland
faulting and extension onshore in Scotland is uncertain, but it could be significant (Roberts &
Holdsworth, 1999).
The Devonian rocks in the onshore Orcadian Basin are cut by numerous sets of faults and fractures
and, more locally, are also folded (e.g. Enfield & Coward, 1987; Norton et al., 1987; Coward et al.,
1989; Fletcher & Key, 1992; NIREX, 1994c; NIREX, 1994a). Most authors have assumed that
the structures are either Devonian and are rift-related and/or that they are a result of later Permo-
Carboniferous basin inversion possibly related to the far-field effects of the Variscan orogenic
event and/or to dextral strike-slip reactivation of the Great Glen Fault (e.g. Coward et al., 1989;
Seranne, 1992). The present paper is the first attempt at providing direct evidence to constrain the
absolute ages of faulting in the Orcadian basin.
A regional study along the northern coastline of Scotland in the basement dominated region ly-
ing to the west of the Orcadian Basin presented field evidence that faults hosted in basement rocks
and overlying Devonian and Permo-Triassic red bed outliers are the result of two kinematically
distinct phases of rifting (Wilson et al., 2010). These authors documented an early phase of ENE-
WSW extension related to Devonian sinistral transtension associated with the Great Glen Fault
movements (Dewey & Strachan, 2003) that was overprinted by a widely developed later phase of
NW-SE extension. Geological and palaeomagnetic evidence from fault rocks and red bed sedi-
mentary rocks in the Tongue and Durness regions (Blumstein et al., 2005; Wilson et al., 2010;
Elmore et al., 2010) suggest that this later rifting was Permo-Triassic and related to the offshore
development of the West Orkney and Minch basins. This raises the intriguing possibility that some
of the faulting in the onshore Orcadian Basin may also be Permian or younger.
2.3 The Geology of the Dounreay area
The Dounreay district (Fig. 2.2) was extensively remapped and geophysically surveyed as part
of the investigations by Nirex into the possible siting of disposal facilities for intermediate-level
radioactive waste close to the site of the soon to be decommissioned nuclear power station (e.g.
Fletcher & Key, 1992; NIREX, 1994c; NIREX, 1994a). Further detailed surveying (including
surface mapping, drilling of shallow boreholes, geophysical surveys and shallow trenching) was
carried out during the last decade around the Dounreay nuclear research establishment to inform
the construction of sub-surface disposal facilities for low level radioactive waste (LLW). These in-
vestigations led to a series of reports concerning the geological, hydrogeological and geotechnical
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aspects of the site (e.g. Michie & Bonniface, 2010 and references therein).
The Dounreay district lies in the western part of the onshore outcrop of the Orcadian Basin and
comprises predominantly lacustrine rhythmically-bedded Middle Devonian (Eifelian) sandstones,
siltstones and shales (BGS, 1985; BGS, 2005; Fletcher & Key, 1992; NIREX, 1994c). These
rocks – part of the Caithness Flagstone Group - overlie a pre-Devonian crystalline basement of
Precambrian Moine rocks intruded by the Reay Diorite, part of the ca. 426 Ma Strath Halladale
Granite Complex (Fig. 2.2; Fletcher & Key, 1992; Kocks et al., 2006).
The shallowly NW-dipping surface exposures of the Caithness Flagstone Group are conveniently
sub-divided into four formations that are collectively estimated to form a succession over 1 km
thick: (oldest to youngest) the Bighouse, Sandside Bay, Dounreay Shore and Crosskirk Bay for-
mations (BGS, 2005). Detailed stratigraphical correlations were made from surface exposures,
together with the results of core and wireline logging of the successions penetrated by two Nirex
deep boreholes (BH1, BH2, Fig. 2.2; NIREX, 1994b). The boreholes intersected the crystalline
basement at ca. 375 m (BH1) and 560 m (BH2) depth, with BH2 also cutting through an inter-
vening ca. 100 m thick basal sequence of siltstones, mudstones, sandstones and conglomerates
inferred to be Lower Devonian (Emsian; BGS, 2005) (Fig. 2.2). Detailed descriptions of the
lithologies and fault structures found in the Dounreay district are reported in Fletcher & Key
(1992).
Here we present a new surface lineament analysis, together with a general field description of
the main brittle faults and fractures in the area. Structures preserved in coastal sections and in
recent excavations for the LLW disposal facilities sited near to the Dounreay nuclear research
establishment are examined in detail in order to determine the geological and microstructural
relationships between faulting and carbonate-pyrite-hydrocarbon mineralization. Fresh samples
of sulphide mineralization discovered along faults in the LLW excavations have then been dated
using the Re-Os pyrite geochronometer.
2.3.1 Lineament analysis
An onshore and (near) offshore lineament analysis was conducted using satellite images and high-
resolution bathymetric data, respectively. Both the onshore lineament analysis and fieldwork were
largely restricted to the coast because of the flat topography of Caithness and the thick soil and
glacial till limiting exposure inland. Published geological maps and field observations were used
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to ensure that the picked lineaments correspond to faults, fractures and joints. This also helped to
create a ”hierarchy” of structures which could help in the analysis of fault patterns and structural
evolution of the area.
Figure 2.3: Rose diagrams of azimuth distributions (left) and azimuth/length distributions (right) of: (a)
interpreted lineaments from Getmapping aerial images; (b) interpreted lineaments from bathymetric data;
(c) faults in existing geological maps; and (d) all lineaments and fault data. For each diagram, rose diagram
statistics and relative maximum (red arrow) are shown. For lineament maps, see Appendix A.
Spatial and statistical analyses were performed using ArcGis10, GEOrient and Google Earth Land-
sat images. 1372 lineaments were recognized at 1:2000 scale and are interpreted to be small-scale
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faults and joints (Fig. 2.3a). The trends of 102 lineaments picked on bathymetric maps were also
recorded (Fig. 2.3b) together with 53 faults reported on existing geological maps (Fig. 2.3c; BGS,
2005) enabling the inference of fault patterns at different scales.
The onshore lineament analysis (Fig. 2.3a) revealed two dominant sets of structures: NE-SW
to ENE-WSW (40◦ scatter) and WNW-ESE (20◦ scatter) with a statistical mean trending 076◦
(red arrow in Fig. 2.3a left). Relative length distribution plots (Fig. 2.3a right) show that WNW
lineaments are typically 3 to 4 times shorter than the NE to ENE lineaments. However, the longest
onshore lineaments in the area (>300 m) are N to NNE and NE trending. Up to four major sets
of lineaments are well developed in the bathymetric map (Fig. 2.3b left): N-S to NNE-SSW (30◦
scatter), E-W (20◦ scatter), NW and NE with statistical mean trending 020◦ (red arrow in Fig. 2.3b
right). Relative length distribution plots (Fig. 2.3b) show that E-W and NW-SE lineaments are
normally 4 times shorter than the N-S and NE-SW lineaments. Faults examined on existing maps
(Fig. 2.3c) are generally N-S to NNE-SSW and NE-SW trending with the longer lineaments (>8
km) trending 020◦ (Figs 2.2, 2.3c right). Many faults form deep sub-vertical gully features on the
coastline known locally as "geos".
When viewed as a single data set (Fig. 2.3d), the onshore-offshore lineaments show that the
longest features correspond to the major faults shown on published maps of the area that trend
N-S to NNE-SSW. The abundant NE-SW and NW-SE structures are much shorter features and
appear to correspond to subordinate sets of faults and joints. This interpretation is consistent with
the detailed analysis of regional fault and jointing patterns presented by Fletcher & Key (1992).
2.3.2 Field and microstructural observations
2.3.2.1 Major structures
From Sandside Bay to Brims Ness the general trend of the coast is NE-SW (Fig. 2.2). The
bedding of the Caithness Flagstone Group dips between 5◦ to 12◦ NNW to NW (Figs 2.2, 2.4g,
2.5a). Local variations in strike appear to be related to rotations of bedding adjacent to some
of the larger mapped faults. A densely faulted section lies in the region between the Dog Track
and Gie Uisg Geo faults (Figs 2.2, 2.5a). In this section, the bedding strikes are locally rotated
anticlockwise up to 35◦, a change reflected by a subtle change in the orientation of the coastline in
this area (Fig. 2.2). The cliff line here is interrupted by several vertical geos which are produced
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by selective erosion along weaknesses in the rocks caused by fracturing and faulting (Figs 2.4a,
2.5c). Their orientation is mainly to NNE-SSW, although subordinate numbers of NE-SW and
NW-SE trends occur locally in the southern part of the coastal section.
Figure 2.4: Structures developed in the coastal exposures of the Dounreay area. (a) Typical example of
heavily eroded fault zone coastal gully known as a "geo" (NC 99377 68089). (b) ESE-dipping normal fault
plane with breccia patch developed in a relay zone with well-developed near dip-slip slickenlines (arrowed;
NC 99375 68080). (c) 1 cm thick carbonate mineralization along an exposed WNW-dipping fault surface
with dextral oblique slickenfibres parallel to pen (NC 99314 68011). (d) Well-developed fractures and joints
developed within a bedding plane with rose diagram. (e) Small scale faults with drag features associated
with small relay zones (NC 99330 68052). (f) Small NNE-plunging brittle-ductile fold pair (NC 99300
68000). (g) Stereonets of structural data collected on the shore section between the Dog Track and Geodh
nam Fitheach faults. (1) Poles to bedding and contoured density plot. (2) Poles to faults and fractures and
relative density plot. (3) Fold hinges and poles to axial planes and density plot of fold hinges.
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The rocks studied here represent the western footwall of the unexposed NNE-SSW trending Bridge
of Forss Fault Zone (Fig. 2.2). Due to a lack of well-defined fossil fish-bearing horizons in
this part of Caithness, significant difficulties exist in precisely correlating the Middle Devonian
sequences either side of this major fault zone. Thus the magnitude of movement along the Bridge
of Forss Fault is unknown, but it is likely to be at least several hundred metres. It is suggested that
this structure has significant syn-depositional SE-side down movements and that it separates the
basin margin sequence to the NW from a thicker basin sequence to the SE, with numerous phases
of subsequent reactivation also proposed (e.g. Fletcher & Key, 1992; NIREX, 1994c; NIREX,
1994a).
The other major structures are the branching NNE-SSW trending Sandside Bay, Ling Geo and Dog
Track faults (Fig. 2.2). Based on stratigraphical offsets, throws of 75-120 m have been estimated
for the Sandside Bay and Ling Geo faults (Fletcher & Key, 1992). The Dog Track Fault has a
more complex curved geometry swinging from a NNW trend inland to a NNE trend at the coast,
branching into several fault strands including the Gling Glang, Gully-Horsetail and Geodh nam
Fitheach Faults (Figs 2.2, 2.5c). The Dog Track Fault dips steeply to the SE and the offsets of
the stratigraphical succession suggest a SE-side down sense of offset of at least 125 m where this
fault is intersected by the Nirex BH2 borehole (Fig. 2.2; Michie & Bonniface, 2010). As the fault
branches to the north, displacement is progressively transferred from the Dog Track Fault onto the
Geodh nam Fitheach Fault which shows 65 m of SE-side down offset close to the LLW facilities
(Fig. 2.5a; Michie & Bonniface, 2010).
2.3.2.2 Minor structures in coastal exposures
The accessible parts of the cliffs and rock platform were studied in the region between the Dog
Track and Geodh nam Fhitheach faults (Figs 2.4a-g, 2.5a). Two main sets of faults and fractures
are recognized trending NNE and NW. The dominant NNE-SSW trending faults show moderate
to steep WNW or ESE dips (Fig. 2.4g). Where slickenlines are exposed on fault planes, they con-
sistently show dextral oblique extensional kinematics (Figs 2.4b, c). The strata in the immediate
vicinity of these structures are largely undeformed, apart from occasional tilting, most likely due
to transfer of displacement between linked faults in an array (Fig. 2.4e). Most faults exhibit nar-
row (<10 cm wide) zones of brecciation often cemented by pale carbonate mineralization (Fig.
2.4c). Locally, thicker lenses of breccia up to a few tens of cm wide are associated with fault
bends and relay zones (e.g. Fig. 2.4b). Narrow (<1 cm) veins of pale carbonate are widely asso-
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ciated with faults, and bitumen is found in both veins and carbonate mineralized faults. NW-SE
trending faults are subsidiary structures and rarely show well-developed kinematic indicators or
mineralization.
The most commonly encountered minor structures in the area are small offset faults (Fig. 2.4e),
joints (Fig. 2.4d) and veins. Generally, fractures and joints are parallel to the major faults and ter-
minate against them or against bedding planes, i.e. they are strata-bound features. Two prominent
joint sets are developed trending NNE ranging from 020◦ to 050◦ (mean 025◦) and ESE (mean
110◦), ranging from 90 to 120◦. Dips for both sets range from 50◦ to vertical.
Isolated small folds (cm to dm scale) occur in the coastal platform. Some are associated with
detachments along local fish beds and appear to be early features that are cross-cut by the steeply-
dipping NNE-SSW faults (Michie & Bonniface, 2010). Others appear to be later brittle-ductile
style kink folds with NNE-SSW-trending hinges and ESE dipping axial surfaces (Fig. 2.4f, g).
These folds are locally developed throughout both Caithness and Orkney and are believed to be re-
lated to localized deformation during the Late Carboniferous ("Variscan") inversion (e.g. Fletcher
& Key, 1992; Seranne, 1992). They are cross cut by the NNE-SSW dextral normal faults and their
associated carbonate mineralization, including veins.
2.3.2.3 Minor structures and microstructures exposed in the LLW disposal facility excavations
and associated shallow boreholes
The excavations associated with the LLW disposal facilities adjacent to the Dounreay site gave
an opportunity in 2012-13 to analyze freshly exposed sections through a number of the NNE-
SSW trending fault strands associated with the Gully-Horsetail Fault zone (Fig. 2.5a,b; Michie
& Bonniface, 2010). Core samples from four shallow boreholes (BM5.1 BM8.1, GT4 and GT5)
drilled prior to the main excavations were also studied (locations shown on Fig. 2.5c). The faults


























Figure 2.5: (a, b) Oblique aerial photographs of the Dounreay coast and recent excavations near the nuclear research establishment. (c) Geological map of the inland Dounreay area and
inset map, detail of the excavations showing main faults and shallow borehole locations. Note oblique orientation of north arrow. (d) SE-NW face of the SW wall of the southernmost
excavation (location in shown in c) showing major faults and the location of the samples collected for Re-Os dating.
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Figure 2.6: Outcrop photos from the Dounreay excavations showing: (a) Well-developed NNE-SSW frac-
ture corridor. Most fractures are confined between two bounding faults (thicker red lines). (b) Fault core
and damage zones. (c) 3 cm thick dilational jog with carbonate and sulphide mineralization and solid bi-
tumen. Vuggy voids are also preserved in the jog. (d) Oblique kinematics on a NNE-SSW trending fault
(footwall face) showing carbonate fibres and bitumen staining (compass for scale). (e) Equal area stereonet
plots of structural data collected in the excavations. Poles to faults and fractures and relative density plot.
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In both map and vertical section views, the faults display anastomosing patterns on a number of
scales (e.g. Figs 2.5c inset, 2.6a,b) and these are often bounded on either side by larger NNE-
SSW trending faults, leading to the development of fracture corridors (cf. Questiaux et al., 2010).
Some other fault zones show a classical core and damage zone configuration (Fig. 2.6b; Caine
et al., 1996). The best-defined fracture corridors are typically a few meters wide (Figs 2.6a,b)
and are likely to be hundreds to thousands of metres long with fracture densities between 3 to
10 fractures/meter. The widespread preferential development of carbonate, base metal sulphide
(pyrite, chalcopyrite) and bitumen mineralization along many of the exposed faults indicates that
the fault zones have acted as conduits for significant fluid flow in the past.
28 faults and fractures were measured in the excavation exposures. They show a dominant NE to
NNE trend with steep (>80◦) NW or SE dips (Fig. 2.6e). A smaller number of NW-SE trending,
steeply SW-dipping fractures also occur. Slickenlines on exposed NNE/NE trending faults con-
sistently show dextral oblique extensional kinematics (Fig. 2.6d). The variable senses of vertical
offset seen in the steep excavation walls (e.g. Fig. 2.5b) appear to reflect the consequence of both
the dip slip normal and (mainly dextral) strike-slip senses of movement, i.e. the apparently reverse
senses of movement are due to displacement in and out of the plane of section.
Figure 2.7: Representative thin-section photomicrographs of a fault samples collected in the excavations
showing: (a) typical mineralized breccia with rounded to angular clasts of wall rock with halos of golden
pyrite (Py), blue-gold chalcocite (Ch) likely after chalcopyrite and calcite (Ca). (b) Detailed view of country
rock clast cut by vein of early calcite and pyrite cross cut by Pyrite halo round clast and later calcite
vuggy fill. (c) Clasts of country rock with pyrite halos and later calcite vuggy infill with oil inclusions in
calcite towards the centre of the vug. (d-f) Representative microphotographs showing typical occurrence of
bitumen in pre-existing calcite-sulphide-filled fractures and vugs. Images in (b-f) are in PPL.
The exposed faults are widely associated with pale grey-white sparry carbonate (calcite), black
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bitumen and golden sulphide (pyrite, chalcopyrite) mineralization which is especially well devel-
oped along exposed slip surfaces and in small dilational jogs (e.g. Figs 2.6c,d); the latter preserve
rhombohedral zones of mineralized breccia up to 10 cm long and 2 cm wide. Thin sections show
that the sulphides present include pyrite (which dominates), fresh chalcopyrite and, in some sam-
ples, blue-grey tinged chalcocite, the latter having possibly formed due to the secondary alteration
of chalcopyrite (Fig. 2.7a). The sulphides are intimately intergrown with calcite or show mu-
tually cross-cutting local overgrowth textures suggesting that these minerals are related to a sin-
gle phase of contemporaneous mineralization (Figs 2.7a-c). Vuggy textures are widespread and
are displayed by both sulphides and calcite locally (e.g. Figs 2.7a, c). In many cases, the vugs
are filled with bitumen which is also widely seen in late fractures and in areas of locally brec-
ciated carbonate-sulphide fill (e.g. Fig. 2.7d-f). Thus oil fills are consistently the latest seen, but
the preservation of oil inclusions within calcite grains (Fig. 2.7d) suggests that the hydrocarbon
charging overlapped with the main phase of mineralization to some extent.
Figure 2.8: Borehole cores samples showing well preserved mineralization and associated faulting-
fracturing. (a, b) Slickenfibre lineations (red dashed lines) on shear fractures, with calcite, pyrite and
bitumen in dilational jogs/fiber steps. (c, d) En echelon dilational veins and hybrid fractures filled with
variably brecciated vuggy carbonate, sulphide and bitumen. (e) Fracture and vuggy dilational jogs with
fractured and heavily oil stained calcite crystals. (f) Detailed internal view of 2 cm wide vuggy cavity with
large calcite crystal faces coated with oil and numerous tiny pyrite crystals.
The development of carbonate-sulphide-bitumen mineralization is spectacularly preserved in the
shallow borehole cores (Figs 2.8a-f). Carbonate predominates making up over 80% by volume
of the mineral fills, but minor amounts of sulphide (pyrite, chalcopyrite, chalcocite) and bitumen
are also common. Mineralization is seen along lineated shear fractures with the development of
oil-stained shear fibres of carbonate intergrown with pyrite showing well-developed steps (Fig.
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2.8a). The steep dilational faces of these steps often host small pyrite crystals or oil-filled vuggy
cavities (Fig. 2.8b).
Figure 2.9: (a) Representative thin-section of explosive fault breccia in dilational jog. The clasts in the brec-
cia are formed almost totally by calcite mineralization with interstitial spaces filled with bitumen. OSCB =
Oil-stained calcite breccia; Ca = calcite; WR = wall rocks. (b) Detailed PPL view of oil-filled microbreccia
in rhombochasm. (c) High power transmitted light PPL view of oil-filled fractures in calcite grain. Location
of image in (d) is also shown. (d) High power reflected light close-up of oil (grey)-filled microcavity with
numerous tiny crystals of pyrite (gold), chalcocite (blue) and calcite (white). All images are from borehole
BM8.1 at 16.6 m depth.
Widespread centimetre-scale en-echelon dilational veins and hybrid fractures up to 3 cm across
are filled with variably brecciated vuggy carbonate, sulphide and bitumen (Figs 2.8c, d). Individ-
ual vuggy cavities in carbonate occur up to 2 cm across and the calcite crystal faces are heavily
oil stained and covered in tiny (<1 mm) pyrite crystals (Figs 2.8e, f). Thin sections show that cal-
cite and the sulphides are closely intergrown and appear to be contemporaneous (Fig. 2.9a). The
majority of oil fills are relatively late and associated with the local reactivation and tensile micro-
brecciation of existing mineral fills, especially calcite (Figs 2.9a,b). The microbreccias show little
evidence of shear and attrition of clasts and appear to have formed as local explosive hydrofrac-
tures. Inspection of fracture-hosted oil fills under higher magnifications and reflected light reveals
the presence of numerous tiny (<2 µm) crystals of calcite, pyrite and chalcocite (Figs 2.9c, d) sug-
gesting that oil charging once again likely overlaps with the main phase of carbonate and sulphide
mineralization.
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The ubiquity of pyrite-chalcopyrite and especially bitumen in the excavation exposures and shal-
low borehole cores compared to those exposed on the coast strongly suggests that such mineral-
ization is less frequently seen in coastal outcrops due to the effects of weathering and erosion.
Bitumen is prone to being washed away by rain and sea water (biodegraded), whilst pyrite will
rapidly degrade to iron oxide. Thus the excavation exposures and cores suggest that the dominant
NNE-SSW faults in the region are widely mineralized, and that the products of that mineralization
are only occasionally preserved in the otherwise excellently exposed coastal sections.
2.3.3 The White Geos Fault: field relationships and microstructures
The White Geos Fault (WGF) represents one of the better exposed and accessible surface faults
in the Dounreay area. It is a subvertical to steeply SE-dipping structure trending NE-SW and is
exposed east of Sandside Bay. The fault displaces strata belonging to the Dounreay Shore and
Sandside Formations (Fig. 2.2a). It is easily detectable from aerial photos and its SW and NE
intersections with the cliff are marked in plan-view by the development of shallow erosional gully
features. It appears to terminate along-strike and to the NE against the Ling Geo Fault (Fig.
2.2a). According to Fletcher & Key (1992), it displays a relatively modest normal (SE-side down)
displacement of 1.2 m based on bedding offsets.
The best exposures of the WGF lie half way between its intersection with the cliff and Ling Geo
(Fig. 2.10a). Here the deformation is localized in a fault-bounded fracture corridor 2 to 3 meters
wide and more than 40 meters long (Fig. 2.10d). The main fault plane is subvertical to steeply
dipping (70◦) SE trending NNE (030◦). The fault zone comprises in plan-view a series of elon-
gate lenses of relatively undeformed siltstone-sandstone intersliced with lensoid regions of pale
carbonate cemented cataclasite-breccia locally up to 15 cm thick, some parts of which carry sub-
stantial amounts of sulphide (pyrite, chalcopyrite and chalcocite) which is variably oxidized to
red-brown hematite/limonite on exposed surfaces (Figs 2.11a-d). Calcite veins up to several cm
thick and several metres long are widely developed along many minor NE-SW fractures and more
northerly striking carbonate veins that occur in the wall rocks and fault bounded blocks of intact
siltstone-sandstone (Fig. 2.10d). The main NE-SW faults contain zones of grey gouge up to sev-
eral cm thick carrying a fault-parallel shear fabric (NIREX, 1994a). These gouges appear to cross
cut and rework the other fault rocks and their associated mineralization, and may represent the

























Figure 2.10: (a) Getmapping plc aerial image of the White Geo fault with local geology (see Fig. 2.2). (b) NW-SE cross-section view of the fault zone in coastal cliff. (c) Oblique view
of the fault zone showing details of the structures in part of the coastal platform. (d) Detailed geological map of the White Geo Fault Zone including the location of Figs b and c. Also

































































































Figure 2.11: Field photographs from the White Geo Fault Zone. (a) Sinistral strike-slip grooves on exposed NE-SW trending faults (coin for scale). (b) Dextral-oblique kinematics on
a NE-SW fault plane and (c) sinistral-oblique ENE-WSW fault with associated carbonate mineralization and hematite staining (compass for scale) (both from NC 9699 6644). (d) Plan
view of a fault breccia with intense carbonate-sulphide mineralization. (e) Freshly broken open surface of fault rocks showing zones of early sulphide overgrown by calcite lining a
bitumen-filled vuggy cavity. (f) Sulphide-rich fault zone with characteristic hematite staining due to oxidation and weathering. (g) Equal area stereonet plots of structural data collected
in the White Geo Fault zone: (1) Poles to bedding (grey dots) and relative density plot. (2) Poles to veins (blue triangles) and relative density plot. (3) Poles to fault and fractures planes
(red dots) and relative density plot.
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Although fault planes in the cliff and foreshore are heavily weathered and not always well ex-
posed in three dimensions, slickenline lineations are preserved locally. In the sub-horizontal rock
platform, small-scale faults show kinematic indicators (grooves, slickenlines) with different ori-
entations (Figs 2.11a, b). The majority of NE-SW trending faults show dextral oblique normal
displacements. A gentle dm scale open fold occurs south of the main fault (Fig. 2.10a). The latter
is oriented consistent with the overall dextral oblique shear sense of the fault zone (Fig. 2.10c).
Thin tensile veins (< 0.5 cm thick) are observed in the wall rock adjacent to the main faults. Their
average trend is NE-SW (subparallel to the strike of the WGF), but curved veins with variable ori-
entations also occur. N-S joints in the fault zone and the adjacent wall rocks are interpreted to be
preexisting structures. Some are reactivated as tensile fractures and may show intense localized
mineralization (e.g. sulphide at coordinate [40, 4] of Fig. 2.10d). Locally, later sinistral strike-slip
movements are recognized on some of the larger NE-SW trending faults (Fig. 2.11a), and appear
to be associated with the development of the youngest clay gouges.
The WGF preserves some of the richest zones of base metal sulphide mineralization seen in the
area, preserving well-developed intergrowth textures with each other and with calcite in mineral-
ized breccias of the surrounding country rocks (Figs 2.12a, b). Once again, oil is a relatively late




The field, hand sample and microstructural studies have shown that in all locations studied, the
sulphide mineralization was synchronous with both carbonate mineralization and faulting. The
pyrites found within these samples are ideal candidates for dating as constraining the date of min-
eralization in this instance also constrains the timing of fault activity. A suite of 8 pyrite samples
were collected from unweathered materials preserved in the excavations and borehole cores. Six of
these samples possessed sub 100 ppt (parts per trillion) rhenium and were not considered capable
of yielding precise Re-Os dates. The remaining two pyrite samples (RO512-7_py D2 and RO531-
2_DR4) possessed parts per billion (ppb) rhenium levels. These two pyrite samples analysed come
from two larger NNE-SSW fault zones seen cutting the southwestern wall of the excavations (for
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Figure 2.12: (a) Small cut sample of mineralized breccia from the White Geo Fault Zone consisting of
pyrite (Py), chalcopyrite (Cp), pale calcite (Ca) and oil stained calcite breccia (OSCB). (b) Detailed image
of well-developed sulphide intergrowth textures with each other and calcite in mineralized breccias. (c)
SEM microphotograph showing oil infilling microbreccia of intergrown pyrite and calcite.
precise locations see Fig. 2.5d). In both cases, the pyrite is intergrown with calcite in well-defined
dilational jogs (one of which is shown in Fig. 2.6c).
2.4.2 Rhenium-Osmium analytical protocols
Rhenium-osmium isotopic analyses were conducted at the Laboratory for Sulphide and Source
Rock Geochronology, and Geochemistry at Durham University (part of the Durham Geochemistry
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Sample Wt (g) Re (ppb) ± 187Re (ppb) ± 187Osr (ppt) ± 187OsC (ppt) 2 ± OsC 3 ± Age Ma 4 ± ± decay constant
RO512−7_pyD2 0.40 9.11 0.12 5.73 0.08 25.66 0.29 0.09 0.07 0.59 0.20 268.4 4.8 4.9
RO531−2_DR4 0.40 36.65 0.53 22.41 0.33 99.70 1.23 0.09 0.05 0.99 0.20 266.4 5.1 5.2
Table 2.1: Re-Os data obtained from freshly exposed pyrite samples retrieved from fault infills exposed in
LLW facility excavations.
Centre). The pyrite samples were isolated from the vein host material by crushing, without metal
contact, to a < 5 mm grain size. After this stage approximately 1 g of pyrite was separated from the
crushed vein by hand picking under a microscope to obtain a clean mineral separate. The analytical
protocols followed those of Selby et al. (2009). In brief, ∼ 0.4 g of accurately weighed pyrite was
loaded into a carius tube with a known amount of a mixed 185Re and 188Os+ 190Os tracer (spike;
Markey et al., 2007) solution together with 11 ml of inverse acqua regia (3 ml 11N HCl and 8 ml
15N HNO3). The carius tubes were then sealed and placed in an oven at 220◦C for 48 hrs. Osmium
from the acid medium was extracted using CHCl3 solvent extraction and further purified using
micro-distillation. Rhenium from the remaining acid medium was isolated via NaOH-Acetone
solvent extraction and anion exchange column chromatography (Cumming, 2013). The purified
Re and Os fractions were then loaded onto Ni and Pt filaments, respectively, and analysed for their
isotope compositions using negative-ion mass spectrometry on a Thermo Scientific TRITON mass
spectrometer. Rhenium isotopes were measured using Faraday Collectors, with osmium isotope
compositions determined using a Secondary Electron Multiplier. Total procedural blanks for Re
and Os are 3.5± 2 pg and 0.2± 0.15 pg, respectively, with an average 187Os/188Os of 0.25± 0.02
(n = 2, 1 SD). In addition to these, Re and Os standard solution measurements were performed
during the two mass spectrometry runs (Re std = 0.5987 ± 0.0011; DROsS (Osmium Standard) =
0.1602 ± 0.0002. These values are within agreement of those reported by Finlay et al. (2011) and
references therein.
2.4.3 Results
The Re and Os uncertainties presented in Table 2.1 were determined by the full propagation of
uncertainties from the mass spectrometer measurements, blank abundances and isotopic composi-
tions, spike calibrations, and the results from analyses of Re and Os standards. The Re standard
data together with the accepted 185Re/187Re ratio (0.59738; Gramlich et al., 1973) were used to
correct for mass fractionation.
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The total Re and Os abundances of the pyrite samples range from 9.1 to 35.7 ppb and 26.5 to 100.8
ppt (Table I), respectively. The majority of the Os within the pyrite samples is radiogenic 187Osr
(99 and 98 % in samples RO512-7_py D2 and RO531-2_DR4, respectively) with only very minor
amounts of unradiogenic common osmium present (≤ 2 %). Consequently the Re-Os systematics
of the pyrite are akin to those of molybdenite (Stein et al., 2001), and the predominance of 187Osr
in the pyrite samples defines them as Low Level Highly Radiogenic (LLHR; Stein et al., 2000;
Morelli et al., 2005). Therefore using the standard equation t = ln (187Osr/187Re = 1) / λ model
Re-Os dates for each sample can be calculated independently, identical to those determined for
molybdenite. The model Re-Os dates for RO512-7_pyD2 and RO531-2_DR4 are identical within
uncertainty (268.4 ± 4.8 [4.9] Ma and 266.4 ± 5.1 [5.2] Ma; bracketed numbers include both
the analytical and decay constant uncertainties, respectively; Table 2.1), and suggest that sulphide
mineralization occurred broadly contemporaneously. A weighted average of the two Re-Os model
ages is 267.5 ± 3.4 [3.5] Ma (MSWD = 0.29; Fig. 2.13). We use this age to define the timing of
sulphide mineralization at the fresh excavation exposures and, by inference, that of the other vein
hosted minerals and associated faulting at 267.5 ± 3.4 [3.5] Ma.
Figure 2.13: Re-Os isochron and model age plots for pyrite samples PyD2 and DR4. See Figure 2.5d for
location of samples.
2abundance of radiogenic 187Os (187Osr) and non radiogenic 187Os (187OsC)
3abundance of Total non-radiogenic Os
4Uncertainty in the age are presented to include all sources of analytical uncertainty with and without the uncertainty
in the decay constant (λ )
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2.5 Discussion
2.5.1 The age of the main phase of faulting in the Dounreay district and Caithness
Our field, microstructural and geochronological findings suggest that the dominant set of regional
faults cutting the Devonian Orcadian Basin sedimentary rocks in the Dounreay district formed dur-
ing the Lower Permian (ca. 267 Ma). This event was associated with widespread carbonate-base
metal sulphide mineralization, which was shortly followed by the influx of small, but regionally
persistent amounts of fracture-hosted hydrocarbons. The Middle Devonian shale and fish bed se-
quences of the Caithness Orcadian Basin are known to be good potential hydrocarbon sources
(e.g. see Parnell, 1985; Marshall et al., 1985) and so it seems likely that oil hosted in the frac-
tures is of local derivation. The proposed timing of oil generation is consistent with apatite fission
track analyses (Thomson et al., 1999), which suggest that maximum palaeotemperatures were at-
tained across Northern Scotland between the early Carboniferous and mid-Triassic. Interestingly,
the ca. 267 Ma Re-Os pyrite age at Dounreay overlaps with K-Ar ages of 268-249 Ma (Baxter &
Mitchell, 1984) from three alkaline lamprophyre dykes in the Thurso region immediately to the
east. More generally, this timing also coincides with the latest peak of mantle-sourced regional
Permian (ca. 269-261 Ma) igneous activity throughout NW Europe and the North Sea (see Glen-
nie et al., 2003; Upton et al., 2004). It is therefore conceivable that sulphide mineralization and
possibly local oil generation are related to regional igneous and/or hydrothermal activity.
2.5.2 Stress inversion and paleostress analysis
Modern stress inversion techniques calculate the stress tensor associated with a set of coeval kine-
matic indicators (e.g. slickenlines) measured directly from sets of related fault surfaces. All stress
inversion techniques assume a statistical parallelism between the observed slip vector (measured
on fault surfaces) and the model shear traction (shear component of stress tensor, resolved on a
particular fault plane via Cauchy’s double dot product) (Wallace, 1951; Bott, 1959). This sug-
gests that for faults to be suitable for this kind of analysis, displacements must be small; i.e. low
infinitesimal strain and little or no rotational strain.
Several graphical and numerical approaches have been proposed (e.g. Angelier & Mechler, 1977;
Etchecopar et al., 1981; Angelier, 1991; Michael, 1984; Reches, 1987; Yamaji, 2000; Delvaux &
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Sperner, 2003). Generally the analysis produces a reduced stress tensor with just four parameters
(Etchecopar et al., 1981): the orientation of the three principal axes (σ1, σ2 and σ3) and the shape
factor δ = (σ2 - σ3) / (σ1 - σ3). This tensor represents, in a dimensional form, the deviatoric com-
ponent of the total stress tensor; the isotropic component does not influence shear stress on fault
surfaces. Ideally, the most robust numerical solution requires at least four statistically indepen-
dent structure sets to be measured (see Angelier, 1991). While the structures analysed herein are
predominantly NNE-SSW striking there is sufficient scatter to meet this criterion.
Fault-slip slickenline data were collected in-situ and conventional stress inversion techniques (An-
gelier, 1979; Angelier, 1984; Michael, 1984) were carried out using MyFault®software to calcu-
late the minimized shear stress variation. This method assumes that all slip events are independent
but occur as a result of a single stress regime. The small (<5 metre) displacements observed on
most of the mineralized structures allow us to infer that the regional strain intensities were low and
the degree of rotational strain negligible. 132 faults were measured during this study (Fig. 2.14a),
of which 25 were striated and mineralized (Fig. 2.14b). The results of this analysis show that at
the time of mineralization the studied fault zones were undergoing dextral transtension (δ = 0.22)
with principal extension (σ3) towards 315◦ (Fig. 2.14b). The associated Mohr Circle plot (Fig.
2.14b) shows that the structures analysed for this study were particularly well-orientated for both
shear and tensional failure.
2.5.3 Regional implications
Regional mapping in the Dounreay district and adjacent parts of Caithness (e.g. Fletcher & Key,
1992; NIREX, 1994c; NIREX, 1994a; NIREX, 1994b; BGS, 1985; BGS, 2005) suggest that ma-
jor changes in thickness and/or Devonian stratigraphy occur across a number of the larger N-S
to NNE-SSW faults including the Bridge of Forss and Dog Track Faults (Figs 2.2a, b). Given
their influence on the Orcadian Basin fills, it seems likely that these faults formed in the Devo-
nian and were reactivated during later Permian and possibly younger movements. However, the
great majority of faults and fractures in the Dounreay district appear to have formed in associa-
tion with base metal sulphide, carbonate and possibly overlapping late oil mineralization ca 267
Ma. Our new findings add to an increasing body of evidence suggesting that the onshore normal
faulting in Sutherland and Caithness is dominated by structures related, and peripheral, to the off-
shore Permo-Triassic West Orkney Basin (e.g. Roberts & Holdsworth, 1999; Blumstein et al.,
2005; Wilson et al., 2010; Elmore et al., 2010). Wilson et al. (2010) proposed the existence of a
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Figure 2.14: (a) Equal area stereoplots of poles to all fault and fractures measured in the Dounreay district
(red dots) and relative density plot. (b) (left) Combined density plot of mineralized fault planes, with slip
lineations (red dots) and stress inversion indicating a regional NW-SE extension. (right) Mohr plot showing
an intermediate stress value (0.72) typical of transtensional regime and that most of the analysed shear plans
are well oriented for slip.
broad ESE-WNW-trending zone of transtensional faulting – the North Coast Transfer Zone (Figs
2.15a,b). It comprises a diffuse system of synthetic ESE-WNW sinistral and antithetic N-S to
NE-SW dextral extensional faults. The predominantly dextral-extensional N-S to NE-SW faults
of the Dounreay district and adjacent parts of Caithness are plausibly an eastward continuation of
this zone, the dominance of dextral antithetic structures possibly reflecting preferential reactiva-
tion of fault trends first established in the Devonian during the initial development of the Orcadian
Basin. It seems likely that the intensity of deformation associated with the NCTZ may progres-
sively weaken eastwards as it acts principally to transfer Permian to Triassic extension in the West
Orkney Basin westwards and into the North Minch Basin (Fig. 2.15b).
2.6 Conclusions
The Middle Devonian rocks of the Orcadian Basin of northernmost Caithness (in the Dounreay
district) are cut by a series of N to NE striking faults. These brittle structures are characteristi-
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Figure 2.15: (a) Simplified geological map showing the proposed location of the Permian to Triassic North
Coast Transfer Zone (NCTZ) that forms along the southern periphery of the offshore West Orkney Basin
(after Wilson et al., 2010). (b) Schematic 3D figure showing how the NCTZ acts to transfer extension in
the West Orkney Basin (WOB) westwards into the North Minch Basin (NMB). Note that the intensity of
deformation along the NCTZ is shown as decreasing eastwards. Drawn looking towards the northwest.
GGFZ = Great Glen Fault Zone; MFZ = Minch Fault Zone. Dashed box shows location of map in a.
cally associated with widespread carbonate-base metal sulphide (pyrite, chalcopyrite, chalcocite)-
hydrocarbon mineralization hosted in tensile veins, dilational jogs and along shear surfaces.
Field and microstructural observations show that the carbonate and sulphide mineralization is co-
eval and occurred synchronously with the main phase of dextral transtensional fault movements
on these structures. Hydrocarbons originating from local Devonian source rocks consistently post-
date local carbonate and pyrite fills, but are hosted in the same fracture systems and likely over-
lapped in time with the main phase of mineralization and faulting. Stress inversion analyses carried
out on slickenline-bearing mineralized faults in the region suggest that they are associated with a
regional phase of NW-SE extension.
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Re-Os geochronology carried out on two samples of fault-hosted pyrite yield a weighted average
model age of 267.5± 3.4 [3.5] Ma. This suggests that the main phase of extensional-transtensional
faulting cutting the Devonian rocks of the Dounreay district – and by inference a substantial part
of Caithness - is mid-Permian. This timing, coupled with the NW-SE regional extension direction,
agrees with onshore studies in Sutherland suggesting that the dominant set of faults seen along the
north coast of Scotland formed part of a regional structure located on the southern periphery of
the offshore West Orkney Basin: the North Coast Transfer Zone (Fig. 2.15a, b). Thus, it appears
that the brittle faulting seen in Precambrian to Devonian rocks exposed along the entire length of
the north coast of Scotland is related principally to the tectonic development of latest Palaeozoic
to Mesozoic basins presently located offshore. The total amount of onshore extension at this time
is difficult to estimate with any degree of confidence, but it is likely to be significantly less than
that seen in the West Orkney Basin offshore since most of this deformation is transferred west into
the North Minch Basin (Fig. 2.15b).
Finally, there is no compelling evidence for Jurassic or younger faulting in the north coastal region
of Caithness, despite the relative proximity of the Inner Moray Firth Basin where extension of
these ages is widely documented (e.g. see Le Breton et al. (2013) and references therein). This
suggests that the Helmsdale Fault and northern continuation of the Great Glen Fault offshore (Fig.
2.1a) may form an effective northwestern limit of Jurassic extension and younger faulting events,
a proposal that remains to be tested through further work.
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Chapter 3
Simultaneous extension, hydrothermal mineralization, oil maturation
and dyke emplacement during the Permo-Carboniferous magmatic
event in NE Scotland1
Abstract
Mantle-derived lamprophyres and associated volcanic vents cutting the Devonian rocks of the
Orcadian Basin are part of a regional swarm of dykes recognized across much of northern Britain.
They are thought to be related to regional rifting and/or mantle plume activity during the latest
Carboniferous to Early Permian in NW Europe.
The dykes studied here in Sutherland and Caithness show similar orientations to major faults
and often appear to be intruded along pre-existing fractures or faults that are NW-SE trending
at Faraid Head and ENE-WSW trending at Castletown. Field and microstructural findings sug-
gest that the emplacement of the dykes and vents was closely associated in both space and time
with carbonate-base metal sulphide mineralization, which was shortly followed by the influx of
small, but regionally persistent amounts of fracture hosted hydrocarbons. Stress inversion analy-
ses of faults that formed synchronously with this mineralization yield NW-SE extension directions
consistent, in the case of the Castletown dykes, with an observed dyke-parallel sinistral sense of
shear. The preferential development of bitumen in dyke thermal aureoles is clear evidence that
hydrocarbon generation and dyke emplacement are related events. This mineralization sequence
is identical to that associated with the dominant system of late faults recognized across Caithness
and dated using Re-Os geochronology in the Dounreay area at ca. 267 Ma. The same event is also
recognized farther west across Sutherland and is inferred using a range of geological and other
1A.M. DICHIARANTEa, R.E. HOLDSWORTHa, K.J.W. McCAFFREYa and E.D. DEMPSEYa
a = Department of Earth Sciences, Durham University, Durham DH1 3LE, UK
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evidence to be of a similar Early Permian age (see Wilson et al., 2010 and references therein).
Re-Os dating of syn-fault pyrite mineralization at Dounreay coincides with the K-Ar ages of 268-
249 Ma obtained from alkaline lamprophyre dykes at Castletown. It is also of broadly similar
age to the latest peak of mantle-sourced regional Permian (ca. 269-261 Ma) igneous activity
throughout NW Europe and the North Sea. However, it is significantly younger than a U-Pb
zircon age of ca. 313 Ma obtained from a lamprophyre dyke in Orkney.
The field observations described here suggest that proposals seeking to ascribe all igneous intru-
sion events to a single event ca. 310- 315 Ma cannot be supported. They also suggest that it
may also be unwise to use dyke trends to infer regional extension vectors without first considering
the possible influence of pre-existing structures on those trends. Finally, the observed close rela-
tionship between local dyke intrusion and hydrocarbon development raises the possibility that the
Devonian rocks of the Orcadian basin may have been taken through the oil window due to regional
scale heating during thermal doming related to the emplacement of the lamprophyre regional dyke
swarm in the Early Permian.
Keywords: Lamprophyre dykes, vents, faulting, mineralization, West Orkney Basin, Orcadian
Basin.
3.1 Introduction
The ascent of magmas through the upper crust is frequently assumed to be influenced by the
presence of faults or shear zones, especially in strike-slip settings (e.g. Hutton, 1988; McCaffrey,
1992; Mathieu et al., 2011). There are, however, relatively few examples described where upper
crustal strike-slip faults have been shown to act as direct conduits for the emplacement of dykes,
with Spacapan et al. (2016) providing one of the first descriptions of such a phenomenon from the
Neuquen Basin in Argentina. In this chapter, I present a field-based study of examples of dykes and
volcanic vents that are associated directly with independently dated strike-slip faults of Permian
age found cutting Devonian rocks in the Orcadian Basin of northernmost Scotland. I show that
magmatism and faulting are closely associated in space and time and suggest that these processes
are related to one another and also to hydrothermal carbonate-base metal sulphide mineralization
and the maturation of hydrocarbons in organic-rich host rocks.
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3.2 Regional Geological Setting
The Orcadian Basin belongs to a regionally linked system of Devonian basins that extend north-
wards into Shetland, western Norway and eastern Greenland (Fig. 3.1; Seranne, 1992; Duncan &
Buxton, 1995; Woodcock & Strachan, 2012). The Devonian Orcadian Basin occurs onshore and
offshore in the Caithness, Orkney and the Moray Firth regions of northern Scotland, overlying
Caledonian basement rocks of the Northern (Moine) and Central Highland (Dalradian) terranes
(Johnstone & Mykura, 1989; Friend et al., 2000a) and it is partially overlain by a number of Per-
mian to Cenozoic, mainly offshore basins, including the West Orkney and Moray Firth basins (see
Fig. 2.2 in Chapter 2). Lower Devonian (Emsian) syn-rift alluvial fan and fluvial-lacustrine de-
posits occur in a number of small fault-bounded basins of limited extent in the Moray Firth and
Caithness. These are partially unconformably overlain by Middle Devonian (Eifelian-Givetian)
syn-rift alluvial, fluvial, lacustrine and locally marine sequences that dominate the onshore se-
quences exposed in Scotland (e.g. Marshall & Hewett, 2003). These rocks are, in turn overlain by
Upper Devonian (latest Givetian- Famennian) post-rift fluvial and marginal aeolian sedimentary
rocks (Friend et al., 2000b) which are found as outliers at Dunnet Head in Caithness and on Hoy
in Orkney.
During the Upper Carboniferous-Lower Permian, a widespread and locally intense magmatic event
(ca. 305 - 260 Ma) occurred across NW Europe, also involving England and Scotland. This event
was related either to extension/transtension in the Variscan foreland region or to the development
of a mantle plume in the general region of NW Europe (Upton et al., 2004). In the UK, this event
is characterized by dyke and sill intrusion, batholith emplacement, widespread subvolcanism and
intrusion of breccia pipes (e.g. Upton et al., 2004).
According to Hounslow et al., 2012 the regional magmatic event manifested itself in three main
pulses during the Permo-Carboniferous (Fig. 3.1):
1. a first phase peaked at 300 - 288 Ma involving activity in northern Germany, the northern
UK (including the Whin Sill Complex), earliest Inge Volcanics in the North Sea and the
Exeter Volcanics (in southwest England);
2. a second phase between 281 - 276 Ma involving the offshore Danish Horn Graben and Karl
Formation/Inge Volcanics;
3. a final phase between 269 and 261 Ma involving the youngest Karl Formation/Inge Volcanic,
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Altmark basalts and successions in the German Horn Graben.
In the Scottish Highlands an extensive lamprophyric NW-SE to ENE-WSW dyke swarm occurred
(Fig. 3.1). The magmas are dominantly transitional to mildly alkaline, becoming generally more
highly alkaline and silica-undersaturated with time (Stephenson et al., 2003). They are clearly
mantle derived and some are characterized by very primitive and compositionally extreme, alkali-
rich lamprophyric and feldspathoid-bearing rocks (Stephenson et al., 2003).
The Scottish lamprophyre dyke swarms comprise 3000 dykes, mainly occurring NW of the Great
Glen Fault. They have been divided into three groups with preferred NW-SE, E-W and NE-SW
strike directions, the last group being centred on the Orkney Islands (Rock, 1983; Fig. 3.1).
The three groups have been dated using the K-Ar method to ca. 290 Ma, 325 Ma, and 250 Ma,
respectively (Speight & Mitchell, 1979; Baxter & Mitchell, 1984), and interpreted to represent
separate tectono-magmatic events implying that ca. 70 Ma of discontinuous alkaline magmatism
affected the Scottish Highlands region (e.g. Baxter & Mitchell, 1984).
There are others who disagree with this view. Smythe et al. (1995) pointed out that the strikes
of the lamprophyre dyke swarms conform to an arcuate trend also shown by the ca. 300 Ma
(Monaghan & Parrish, 2006) tholeiitic quartz dolerite dykes in northern Britain and the North Sea.
This aspect could be used to argue for a roughly coeval emplacement under one stress regime.
Volcanic necks (or diatremes) are also sporadically distributed across the Scottish Highlands (e.g.
Dunnet Head and Ness of Duncansby) and are largely composed of explosion breccias, probably
related to explosive degassing of the volatile-rich magmas feeding the lamprophyre dykes (Read
et al., 2002). Macintyre et al. (1981) obtained a poorly defined K-Ar age from the vents at Ness
of Duncansby of ca. 270 Ma.
The dykes that crop out along the north coast of Scotland are often somewhat overlooked in sum-
maries of the regional volcanic event affecting British Isles because of their smaller volumes when
compared to the tholeiitic suite that occurs southeast of the Great Glen Fault (GGF). However,




















Figure 3.1: (a) Distribution of Permo-Carboniferous magmatic rocks in the NW Europe, lamprophyre dykes in rose diagrams and stress trajectories (gray dashed lines) (after Lundmarck
et al., 2011). Rose diagrams of lamprophyre dykes in red with relative abundances from authors and dolerite dykes in green. Trajectories of inferred regional extension in yellow. (b)
Stratigraphical distribution of Carboniferous and Permian extrusive rocks (open bar) and intrusive rocks (solid bars) north of the Highland Boundary Fault (HBF)
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Figure 3.2: Schematic regional geological map of the northern coast of Scotland showing the main offshore
and onshore structures and location of the selected field localities
Figure 3.3: Detailed geological maps of (a) Faraid Head, (b) Castletown, (c) Dunnet Head and (d) Ness of
Duncansby showing the location of Late Carboniferous to Permian dykes and volcanic necks.
In the literature, the age of the Orkney lamprophyre dyke swarm is typically quoted as ca. 250
Ma, but the four reported K-Ar studies have yielded a range of ages, e.g. 245 ± 12 Ma (Brown,
1975), ca. 240 Ma (Halliday et al., 1977), 288± 9 Ma (Shelling, reported by Mykura et al., 1976),
and 249- 268 Ma with a preferred age of 252 ± 10 Ma obtained from three dykes in the Thurso
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area considered to belong to the Orkney lamprophyres (Baxter & Mitchell, 1984). More recently,
Lundmark et al. (2011) obtained a Zircon U-Pb age for a lamprophyre dyke in Orkney of 313
± 4 Ma, some 20-60 Ma older than the previously obtained K-Ar ages. This suggested that the
previously obtained K-Ar ages could have been partially reset by later alteration processes and are
possibly not reliable. Thus Lundmark et al. (2011) prefer the idea that the dyke swarms were a
coeval event that occurred ca. 310-315Ma.
In their analysis of deformation structures in the Middle Devonian strata of the Orcadian Basin of
the Dounreay district, Dichiarante et al. (2016) (see Chapter 2) showed that faulting here is dom-
inated by a series of NNE to NE striking faults. These structures are characteristically associated
with widespread carbonate - base metal sulphide (pyrite, chalcopyrite, chalcocite) - hydrocarbon
mineralization hosted in tensile veins, dilational jogs and along shear surfaces.
Field and microstructural observations revealed that the carbonate and sulphide mineralization is
coeval and occurred synchronously with the main phase of extensional-transtensional fault move-
ments on these structures. Dichiarante et al. (2016) (see Chapter 2) carried out Re-Os geochronol-
ogy on two samples of fault-hosted pyrite yielding a weighted average model age of 267.5 ± 3.4
[3.5] Ma. This suggests that the main visible phase of extensional-transtensional faulting cutting
the Devonian rocks of the Dounreay district (and by inference a substantial part of Caithness) is
mid-Permian. This timing overlaps with the K-Ar ages of 268-249 Ma (Baxter & Mitchell, 1984)
from alkaline lamprophyre dykes at Castletown (immediately east of Thurso) and more generally,
with the ages of the latest peak of mantle-sourced regional Permian (ca. 269-261 Ma) igneous
activity throughout NW Europe and the North Sea (Glennie et al., 2003; Upton et al., 2004). It
is also similar to the ca. 270 Ma K-Ar age obtained by Macintyre et al. (1981) for the volcanic
vent at Ness of Duncansby. It is, however, some 40 Ma younger than the regional magmatic event
proposed by Lundmark et al. (2011).
From the foregoing summary of previous work it is clearly necessary to establish more firmly
the relative age relationships between the minor intrusions and volcanic vents seen in Caithness
and Orkney. The remainder of this chapter describes the lithology, field relationships and mi-
crostructures associated with dykes and volcanic vents recognized in four localities in the North of
Scotland (Fig. 3.2): Faraid Head in the Foreland (Fig. 3.3a, BGS, 2002), Castletown (Fig. 3.3b,
BGS, 1985b), Dunnet Head (Fig. 3.3c, BGS, 1985b) and Ness of Duncansby (Fig. 3.3d, BGS,
1985c) in the Caledonian Moine Nappe.
86
Simultaneous extension, hydrothermal mineralization, oil maturation and dyke
emplacement during the Permo-Carboniferous magmatic event in NE Scotland
3.3 Description of selected localities from Northern Scotland
Two dykes were studied at Faraid Head in NW Scotland (Fig. 3.3a) and Castletown in NE Scotland
(Fig. 3.3b) and two volcanic vents were studied at Dunnet Head (Fig. 3.3c) and Ness of Duncansby
(Fig. 3.3d). They are not the only occurrences of such rocks along the north coast of Scotland, but
they are the best exposed and show the clearest contact relationships.
3.3.1 Faraid Head
The Caledonian outlier at Faraid Head is a unit of pervasively mylonitised rocks comprising, from
SE structural (top) to NW (bottom): Moine Supergroup psammites, Lewisianoid gneisses and
Oystershell Rock phyllonites (Figs 3.2 and 3.3a; BGS, 2002). The ductile Moine Thrust is inter-
preted to separate the Lewisianoid rocks from the underlying Oystershell phyllonites (of uncertain
origin) whilst the contact between the former rocks and the Moine psammites is interpreted to be
a tectonised unconformity (Holdsworth et al., 2007). The phyllonites - which for the upper part
of the Moine Thrust Zone - and the overlying rocks of the Moine Nappe have been dropped down
to the NNE along the sub-vertical WNW-ESE-trending Faraid Head Fault and so form an isolated
klippe lying some 12 km NW of the main Moine Thrust Belt (Wilson et al., 2010). The preserva-
tion of red-bed sedimentary infills along open cavities following the Faraid Head Fault has been
used to infer a likely Permian age of fault movement.
The Moine Nappe and Moine Thrust Zone rocks that were once contiguous with the rocks south of
the Faraid Head Fault have subsequently been eroded away exposing the underlying rocks of the
Caledonian Foreland. The rocks forming the Faraid Head outlier host a series of interconnected
and mutually cross-cutting NW-SE, N-S and NE-SW trending faults and fractures (Fig. 3.3a).
The NW-SE faults are the largest and lie sub-parallel to anticlockwise of the main Faraid Head
Fault. All these brittle faults are steeply dipping to sub-vertical and cross-cut the moderately ESE
dipping compositional and sub-parallel mylonitic foliation in the Moine psammites at high angles.
The development of the faults is associated with the local development of iron-stained cataclasites,
breccia and gouge, typically in fault zones 1-2 m wide.
On the east side of Faraid Head (NC 39279 70667) a small (80 cm wide) lamprophyre dyke appears
to have intruded along a pre-existing NW-SE trending fault (Figs 3.3a and 3.4a). The
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Figure 3.4: Views and detailed images of dykes and associated structures at Faraid Head. (a) Dyke at Faraid
Head showing the trace of reactivated faults on the NE margin of the dyke. Faults are also underlined by
dragging of beds at the SW dyke margin. (b) Detail of the fault-confined fabric at the NE dyke margin.
(d) Plan view next to the NE dyke margin showing carbonate mineralization in the damage zone of the
fault. (d) Plan view of the internal veins in the dyke. (e) Oblique view of a mineralized fault plane showing
normal slickenlines. (f) Equal area stereonet showing density contour of poles of faults and fractures. (g)
Stress inversion (Minimized Shear Stress Variation method) of striated faults yielding NW-SE extension.
(h) Sketch in plan view of the structures associated to the dyke emplacement during NW-SE extension. The
dyke is shown in grey and the two sets of veins in blue.
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fabric developed between two faults adjacent to the northern dyke margin shows rotated beds
consistent with normal oblique (sinistral) movements of the fault (Fig. 3.4b). No mineralization is
associated with this fabric.
NW-SE and NE-SW trending calcite-filled fractures cut the dyke and show both dextral strike-
slip to dip-slip and dip-slip movements, respectively, as previously observed also by Wilson et al.
(2006) and Wilson et al. (2010) (Fig. 3.4c). Along the northern dyke wall/fault in the platform,
highly weathered NW-SE trending veins occur in the damage zone of the fault. The similarity in
orientation and mineralization suggests that they have been formed during the same event (Fig.
3.4c)
In the 80 cm thick dyke, about 30 thin tensile veins (< 0.5 cm) trending parallel to the dyke walls
occur (Figs 3.4b, d). Small-scale NE-SW faults trend between 042◦ and 070◦ and dip between 40◦
and 83◦ to both the NW and SE while small-scale NW-SE faults trend between 110◦ and 157◦ and
dip between 44◦ to vertical. Slickenline pitch values on NW-SE trending faults vary between 45◦
and 88◦ and pitch values measured on NE-SW trending faults vary between 74◦ and 88◦ (Fig. 3.4f).
These 2 sets of faults show a general mutual cross-cutting relationship, however some of the NW-
SE trending structures terminate on the NE-SW trending, suggesting that although a synchronous
development of fractures cannot be ruled out, the NE-trending might have been developed at a
later stage. Carbonate mineralization is ubiquitously associated with both fracture sets, but the
spacing between NW-SE veins is small compared to the NE-SW ones which however are more
straight and continuous between the dyke walls. This spatial distribution might be the result of a
larger weakness in the direction of the exploited fault.
A stress inversion analysis of slickenlines data from the mineralized NW-SE and NE-SW trending
faults yields a NW-SE extension direction (119◦, Fig. 3.4g).
The dyke at Faraid Head shows clear evidence of emplacement along a pre-existing fault which
is underlined by the dragging of the beds at the southern margin of the dyke. Although kinematic
indicators were not observed on the fault plane, fabric and mineralization show evidence of the two
deformation events: the first involved the NW-SE fault before dyke emplacement and the second
occurred during dyke emplacement and associated mineralization (Fig. 3.4h). The fabric along the
northern dyke margin is indicative of the first stage of deformation with normal oblique (sinistral)
kinematics on the fault and no associated mineralization (Fig. 3.4b) while the fault rocks in the
nearby platform and associated veins show the same nature, and are therefore contemporaneous,
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with the internal dyke deformation (Fig. 3.4c). The internal deformation and mineralization in
the dyke are consistent with the NW-SE extension obtained from the NE-SW normal and NW-SE
dextral mineralized faults. The difference in the abundance of NW-SE trending veins compared
to the NE-SW ones could also be the result of the pre-existing weakness in the direction of the
pre-existing structures.
3.3.2 Castletown
Castletown lies immediately south of Dunnet Head, ca. 8 km East of Thurso (Figs 3.2, 3.3b).
On the coastal platform north of Castletown village, Mey Subgroup rocks dip sub-horizontally
to gently (06◦) to the NW (Fig. 3.5a). The rocks are jointed and cut by prominent fracture sets
trending ENE-WSW and, less commonly, NE-SW; otherwise, the rocks are for the most part very
little deformed.
In these coastal exposures, a small suite of ENE-WSW alkaline lamprophyre dykes occurs (ND
1867 6910). Due to the orientation of the dykes compared to the coast and the low relief of this
area, the dykes are best exposed in the tidal zone and are best viewed at medium to low tide. A
total of five dykes occur in the platform in an area 200 m across (Fig. 3.5a). The dykes vary
in thickness from about 4 cm at their termination tips to about 80 cm, showing the classic step-
over pattern with no systematic configuration (both left and right stepping are observed) (Figs
3.5a and 3.6b). They are clearly intruded along pre-existing joints and fractures. The contact
of the dykes with the host rocks is usually sharp and some of them show baked margins (e.g.
3.5b). In one larger scale example of a right step-over zone (or bridge), significant tilting and
rotation of the otherwise gently NW-dipping bedding into moderate southerly dips has occurred
(Figs 3.6a) during dyke emplacement consistent with sinistral shear along the dyke margins (Fig.
3.6g). Dykes orientations here are ENE-WSW, although BGS maps show the existence of NE-SW
trending dykes inland which are no longer exposed and have not been observed during fieldwork
(Fig. 3.3b).
Faults aligned parallel to the dyke margins (ENE-WSW) show sinistral strike-slip slickenlines
with stepped appearance and pitch values between 3◦ and 10◦. The rotated beds between two of
the dykes (Figs 3.6a,g) are consistent with oblique deformation (extensional and sinistral).
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Figure 3.5: (a) Landsat image with geological map of Castletown with dykes, fault and main geological
features observed in field. Note the 2 sets of structures: ENE - WSW and NE - SW. (b) Oblique view of a
dyke at Castletown (ND 18671 69102). (c) Panoramic view of one of the dyke exposures at Castletown and
(d) sketch of the major structural features. Note the distribution of pre-existing N-S trending jointing in the
host rock surrounding the dyke vein orientation both parallel and oblique to the dyke margin (see text for
detail). (e) Equal area stereonets showing density contour of (1) poles to faults and fractures and (2) poles
to veins. (f) Sketch in plan view of the structures observed at Castletown
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Figure 3.6: (a) Panoramic field view of the deformation area between two parallel dykes at Castletown.
Faults at the dykes margin are represented as red planes and the dyke in green (note that the faults are parallel
and they seem to converge due to the perspective). The tilted beds in the centre of the photo are consistent
with extensional-sinistral strike-slip kinematics. (b) Oblique view photograph showing the stepped dyke
pattern. (c) Plan view of parallel and orthogonal veins at the dyke margin contact and (d) sets of veins in the
dyke. (e) Plan view of dextrally displaced veins in the dyke. (f) Stress inversion (Minimized Shear Stress
Variation method) of striated faults yielding NW-SE extension. (g) 3D schematic block diagram showing
the tilted beds in the area between the 2 ENE-oriented dykes.
Carbonate mineralization veins occur at both dyke margins (Figs 3.6c, e) and cutting across the
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interiors of the dykes (Figs 3.5c-e, 3.7a-b). Three major sets of tensile veins have been recognized:
one set parallel to the dyke walls (ENE-WSW) and two cutting at high angle the dyke margins.
Their orientations are N-S and NE-SW trending, respectively (Figs 3.5d and 3.6d).
A common feature observed is margin-orthogonal (N-S), closely spaced jointing in the host rock
adjacent to the dykes. Also, closely spaced margin-orthogonal (N-S) jointing occurs in the host
rocks adjacent to a dyke bend (Figs 3.5c-d). These joints are shorter (< 30cm) then the margin-
parallel ones and indicative of a local strain associated with the dyke emplacement. These joints
are widest at the dyke margins where they terminate with some of them showing carbonate infill
and close away from the dyke (Figs 3.5c,d).
Hydrocarbon is found in carbonate veins in both dykes and country rock (Figs 3.7c,d, Parnell,
1985 and reference therein) and in the contact metamorphosed aureoles of some dykes (Fig. 3.6c).
Figure 3.7: (a) Oblique dextral kinematics associated to a N-S trending vein. (b) Carbonate and chlorite
mineralization. (c) Bitumen and pyrite associated with a carbonate in the host rocks less than 1m far from
the dyke. (e) Carbonate vein with oil and a small clast of host rock.
A stress inversion analysis of slickenline data from the NE-SW and ENE-WSW trending faults at
Castletown yields NW-SE extension direction and it is consistent with the general NE-SW trend
of the tensile veins (136◦, Fig. 3.6f).
3.3 Description of selected localities from Northern Scotland 93
The dykes observed in the field and on geological maps at Castletown (BGS, 1985b) are parallel
to the 2 trends of lineaments observed on Google Earth images: NE-SW and ENE-WSW (Fig.
3.3b). The NE-SW trending dyke (on the geological map) is orthogonal to the regional NW-SE
extension direction as evidence by tensile veins adjacent to the ENE-WSW trending dykes (Fig.
3.6f) and palaeostress analysis of faults in the area (see Chapter 4). The ENE-WSW trending dykes
appear to be not directly controlled by the regional tectonic stress field. They are not orthogonal
to the regional extension direction but they do align along pre-existing weakness (joint and early
fractures) broadly observed in field in the host rocks adjacent to the dykes. Sinistral strike-slip
lineations observed at the dyke margins and the deformation developed between two ENE-WSW
trending dykes (Fig. 3.6a) also suggest that the dykes have intruded along pre-existing structures
which acted as strike-slip faults during dyke emplacement. Carbonate veins very widely developed
in the dykes, in the host rocks and at the dyke/host rocks contact are clearly associated with
development of bitumen (± pyrite).
3.3.3 Brough-Dwarwick coastal sections
The Brough Fault is one of the largest structures recognised in Caithness and separates Upper
Devonian sandstones of the Dunnet Head Sandstone Group (Frasian) to the west from Middle
Devonian sandstones and shales of the Ham-Skarfskerry Subgroup (Givetian) to the east. It trends
NNE-SSW with possible fold inversion structures developed in both the hangingwall and footwall
(e.g. Crampton, 2010; Seranne, 1992; Enfield, 1988; Coward et al., 1989; Trewin & Hurst, 2009,
see Section 4.4 in Chapter 4). Stratigraphic offsets between the footwall and hangingwall suggest
that total displacement on this fault was relatively high - perhaps in the order of hundreds of metres
(Fig. 3.8a). Three separate movement phases are proposed here for the Brough Fault: it was
initially developed as basin or sub-basin controlling normal fault (Devonian), it was subsequently
inverted (Permo-Carboniferous) and reactivated again as dextral strike slip, presumably during
Permian times (see 4.4.11 in Chapter 4).
Most of the dykes shown on published geological maps cut the Upper Devonian strata along the
northern and southern coasts of Dunnet Head (Fig. 3.8a). Many are not exposed or are inaccessible
in high cliffs. Their mapped trend on existing geological maps is NE-SW (e.g. BGS, 1985b) and
the southern one - which trends more ENE-WSW - is very little exposed at Chapel Geo (ND
21210 71043) where selective erosion has formed a deep gully feature on the cliff (Fig. 3.9a). Due
to intense erosion no kinematics were observed on the dyke margins and no internal structures
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(e.g. veins, fractures) are seen (Figs 3.9b-c). Its trend is similar to the dykes observed in the
wave-cut platform at Castletown and also with a dominant set of faults and fractures that occurs
in eastern Caithness (e.g. Murkle Bay, St. John’s Point, see section 4.4 in Chapter 4) consisting of
mineralized (calcite ± bitumen) sinistral ENE-WSW trending faults.
Figure 3.8: (a) Landsat image with geological map of Dunnet Head and geological map (after Enfield,
1988). (b) Oblique panoramic view of the folds and volcanic vent occurring in the platform west of The
Clett. (c,d) Details of the structures and fault rocks in the platform at Dunnet Head. (e) Equal area stereonets
showing density contour of (1) pole to bedding, (2) poles to faults and fractures, (3) fold hinges and axial
planes and (4) poles to veins.
A meter-scale volcanic vent crops out inland next to a stream at 300 m west of The Clett (Fig.
3.8e, ND 21778 74628); its contact relationships with the sandstones are not exposed. A small
(2m x 5m) previously unrecognised, compositionally similar vent was observed in the platform of
deformed Upper Devonian strata of Brough Harbour 180 m SW of The Clett (Fig. 3.8a). The vent
contains angular to sub-rounded clasts of green mafic volcanic rock and country rock sandstones
set in a carbonate-rich matrix. The country rock-vent boundaries are offset by a series of small
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scale NNE-SSW faults showing apparent dextral displacement suggesting that the vent is at least
in part post-dated by these structures which are oriented and kinematically consistent with the
latest activity of the Brough Fault.
No internal veining or striated structures has been observed associated with the volcanic vents
making it not possible to perform a stress inversion at this locality.
Figure 3.9: (a) Cross view of the ENE-WSW selective erosion at Dwarwick, South Dunnet Head (ND
21210 71043). (b, c) ENE-WSW host rock contact and heavily eroded dyke rocks.
3.3.4 Ness of Duncansby
Another volcanic vent (exposed for ca. 200 m) of ultramafic composition, best exposed at low
tide, penetrates the Middle Devonian John o’ Groats Sandstones (Mey Subgroup) at Ness of Dun-
cansby (Fig. 3.10a, ND 39044 73802). This is located west of Bay of Sannick, close to the most
northeastern corner of Scotland, 20 km ESE of Dunnet Head. The Mey Subgroup sandstones
here form an open N-S trending syncline recognized previously through stratigraphy and fish bed
correlation (BGS, 1985c, Fig. 3.3b).
The volcanic vent occurs in the platform in the hinge region of the open synform and consists
of agglomerate/tuff with and enormous number of sandstones inclusions that range from small
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pieces to large blocks; other inclusions include xenoliths of coarse-grained spinel-clinopyroxenite
(Storetvedt et al., 1978, Figs 3.10b-c). The intrusion was originally believed to be related to
the Late Devonian volcanic activity recognized in the southern part of Orkney (Geike, 1878 and
Chapman, 1975 in Storetvedt et al., 1978), however it has been dated to be early Permian time
267 ± 1 Ma by Macintyre et al. (1981) or 258 to 239 Ma by Storetvedt et al. (1978). Parnell
(1985) observed that the mochiquitic vent contains hydrocarbons which appear altered towards
the margins of the xenoliths and that the xenoliths could be derived from considerable depth in the
Devonian sequence.
Figure 3.10: (a) Panoramic view of the volcanic vent occurring at Bay of Sannick (ND 39044 73802). (b-c)
Detail of the volcanic vent. (d) Mineralized fault plane with strike-slip kinematics. (e-f) Tensile carbonate
veins cutting the volcanic vent. (g) Equal area stereonets showing density contour of (1) poles to faults and
fractures and (2) poles to veins. (h) Stress inversion (Minimized Shear Stress Variation method) of striated
faults yielding NW-SE extension.
Thin carbonate veins occur in the vent and a few kinematic indicators are preserved. ENE-WSW
trending faults (between 062◦ and 100◦) dip between 48◦ and 64◦ to the south while NNE-SSW
trending faults (025◦ and 030◦) dip 78◦ and 80◦ to the east. Slickenlines preserved on glossy
surface due to carbonate mineralization (Fig. 3.10d) on ENE-WSW are strike slip, with shear
sense indicators suggesting sinistral movements (pitch between 1 and 4◦). The NNE-SSW set are
predominantly normal (pitch 85◦ and 86◦).
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Figure 3.11: Hand specimen collected parallel to the dyke trend at Castletown consisting of host rock
clasts (HR), pyrite (Py), bitumen (BI) and pale calcite (Ca). CF = calcite fibres, BC = blocky and fr =
fracture. Vein types (parallel nicols) recognized during thin-section analysis: (b) blocky carbonate crystals,
(c) antitaxial and (d) composite vein (blocky in the centre of the vein and antitaxial at the edge).
A stress inversion analysis of slickenlines data from the NNE-SSW and ENE-WSW trending faults
at Ness of Duncansby yields to NW-SE extension direction (113◦, Fig. 3.10h).
At Ness of Duncansby the vent boundaries are not exposed, however veins and faults occurring
only in the volcanic vent, suggest that they are strictly related to the vent emplacement and at least
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in part pre-date it. Also, the similarities in vein orientation and fault kinematics to those observed
at Castletown suggest that they are part of the same regional event.
3.4 Microstructural study of dykes and associated veins
A microstructural study of volcanic rocks and associated veins associated was carried out for the
dykes at Castletown. The large amount of veining associated with them and the well-exposed
contacts with the host rocks provide key information about dyke emplacement, associated miner-
alization and hydrocarbon generation.
3.4.1 Castletown
A hand specimen at Castletown was collected along the dyke wall/fault contact (Fig. 3.11a). The
sample is mainly composed on lensoids of host rock (HR in Fig. 3.11a) separated by an extensive
network of carbonate veins (Ca in Fig. 3.11a). Pyrite can be observed as small crystals in the host
rock and also together with bitumen in the carbonate veins (Fig. 3.11a).
Three types of vein fills have been observed in the same hand specimen: blocky, antitaxial and
composite antitaxial (Figs 3.11b-c). Veins at the bottom of the sample are relatively straight while
those at the top have a more complex anastomosing pattern (Fig. 3.11a). Carbonate crystals are
characterized by different internal structure, aspect ratios and growth directions.
Blocky veins (Fig. 3.11b) dominate the lower part of the hand specimen in Fig. 3.11a with bitumen
filling small voids in this area. Repeated cycles of crack and seal are associated with this vein type
and they are oriented parallel to the dyke in direction ENE-WSW (Fig. 3.11b). Antitaxial veins
(Fig. 3.11c) occur mainly in the top part of the hand specimen and they suggest oblique opening
to the dyke boundary. The composite vein in Fig. 3.11d is formed by blocky crystal in the centre
of the vein surrounded by fibres. Blocky crystals have grown during the relatively early stages of
filling forming a narrow band of blocky crystals in the middle of the vein. Subsequently fibrous
crystals have grown outwards in both directions. The various vein-types, which are all oriented
parallel to the dyke boundary, are also consistent with an obliquity in stress orientation to the dyke
boundary and veins.
In the hand specimen in Fig. 3.11a, bitumen (± pyrite) mineralization mainly occurs along frac-
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tures (red lines in Fig. 3.11a) and in the crack seals associated with blocky veins. More than
20 crack-seal oil stained bands are observed next to the mid-line of the blocky vein (Fig. 3.12a)
showing that oil was part of the system during carbonate precipitation. Oil also occurs in car-
bonate twins and it is indicative of oil mobilization during carbonate precipitation (Fig. 3.12b).
Pyrite is observed along fractures (Fig. 3.12c) but also as cubic crystals enclosed in calcite (Figs
3.12d-f). These observations suggest that carbonate, pyrite and bitumen mineralization are all
contemporaneous.
Figure 3.12: (a) Detail of fibrous calcite crystals in a vein ay Castletown with about 20 crack-seal events
underlined by parallel oil inclusion bands. (c) Occurrence of pyrite in an intense area of fracturing. Cubic
pyrite crystal in (d-e) transmitted light and in (f) reflected lights occurring along an oil mineralized fracture
at Castletown.
3.5 Discussion
Lamprophyre dykes, volcanic vents and associated mineralization have been investigated in four
localities. Many - perhaps all - of the dykes studied are closely associated with faults and on the
basis of the field relationships described it seems plausible that they have exploited pre-existing
faults or joints which have then been reactivated during dyke emplacement. Dyke emplacement
and associated shearing are closely associated with synchronous carbonate-pyrite-hydrocarbon
mineralisation identical to that seen associated with Group 3 faulting throughout Caithness and
Orkney (see Chapter 4). At Dounreay, Dichiarante et al. (2016) have used Re-Os techniques to
date the sulphide mineralization - and by inference the associated faulting - at 267.5 ± 3.4 [3.5]
Ma. This implies that faulting, mineralization and dyke emplacement are broadly synchronous
Early Permian events. The faulting and carbonate veins observed in association with the volcanic
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vents at Brough Harbour, Duncansby also suggests that deformation and mineralization overlap in
time or postdate vent emplacement.
The stress inversion analyses carried out using mineralized fault-slip data sets seen at Faraid Head,
Castletown and Ness of Duncansby (Figs 3.4g, 3.6f and 3.10h) suggest that the mineralized faults
at these three localities were produced during a common episode of NW-SE extension.
At Faraid Head, such NW-SE extension reactivated (dextrally) a pre-existing NW-SE trending
normal oblique (sinistral) fault. The orientation and kinematics of mineralized NW-SE and NE-
SW trending faults and the mineralization along the dyke margin/fault suggest that dyke intrusion,
fault activity and mineralization at Faraid Head are contemporaneous.
At Castletown, the NW-SE extension is also consistent with the observed sinistral shear parallel
to the dyke margins, the observed rotation of bedding in overlap zones and to the synchronous
development of en-echelon N-S trending tensile carbonate-pyrite-hydrocarbon vein systems. The
preferential development of fracture-hosted bitumen in the host rocks immediately adjacent to
the dykes at Castletown also suggests that igneous intrusion and hydrocarbon generation are re-
lated and synchronous events. Hydrocarbons are also found associated with the vent at Ness of
Duncansby (Parnell, 1985).
It appears therefore that dyke emplacement and faulting are closely related. The orientation of the
dykes at Castletown is similar to the widely recognized set of lineaments and faults observed east
of Thurso (e.g. Murkle Bay, Fig. 4.19 in Chapter 4) and east of Dunnet Head (e.g. St. John’s
Point, Fig. 4.27 in Chapter 4) and of some - but not all - dykes at Dunnet Head (see Fig. 3.3c)
and Orkney (see Fig. 4.43g in Chapter 4). ENE-WSW trending faults observed in those localities
show consistently sinistral sense of shear and they are typically associated with carbonate miner-
alization, bitumen ± pyrite. It is very clear in the coastal exposures at Castletown that the dykes
are being emplaced along a pre-existing set of very prominent ENE-WSW fractures. The dykes
lack internal magmatic deformation fabrics but have demonstrably experienced sinistral shear and
associated carbonate-pyrite-hydrocarbon mineralization. This is inferred to have occurred almost
immediately following intrusion for two main reasons: 1) The inferred sinistral sense of oblique
opening associated with dyke emplacement and rotation of bedding in overlap zones consistent
with NW-SE regional extension; and 2) The development of bitumen in the thermal aureoles of
the dykes which suggests that the mineralization overlaps with dyke emplacement.
Many other lamprophyre dykes mapped in the Caithness area (e.g. at Dunnet Head - see Fig. 3.8a;
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and inland at Castletown see Fig. 3.3b; BGS (1985a)) and across Orkney are shown to have more
NE-SW trends. If these dykes are the same age as those seen at Castletown and Faraid Head,
perhaps these are intrusions that formed as traditional tensile fractures during NW-SE extension.
There are some significant similarities in the relationships observed here and those reported by
Spacapan et al. (2016). Specifically:
1. They recognise two dyke trends - a regional set oriented orthogonal to the inferred direction
of extension and a second set lying oblique to this trend and following a prominent set of
pre-existing strike-slip faults.
2. The dykes lack internal deformation fabrics. There are also some differences, the main one
being that the dykes at Castletown were deformed very soon after emplacement. Neverthe-
less this illustrates that the emplacement of regional dyke swarms may be locally influenced
and controlled by pre-existing faults and fractures. In this regard the arcuate regional trend
in dyke orientation across Scotland noted by so many authors (e.g. Fig. 3.1) perhaps needs
to be treated with caution - this could be significantly influenced by local structural con-
trols on dyke orientation rather than by systematic changes in regional extension vectors
(cf. Spacapan et al., 2016).
3.6 Conclusions
It is well known that dykes can provide information about regional extension directions (e.g. Bus-
sell, 1989; Fossen & Dunlap, 1999; Pallister et al., 2010). In this study I document field and mi-
crostructural observations examining the relationships between faulting and the emplacement of
dykes and volcanic vents in the Orcadian Basin of Caithness. These mantle-derived lamprophyres
are part of a regional swarm of dykes recognised across much of northern Britain and thought to
be related to regional rifting and/or mantle plume activity during the latest Carboniferous to Early
Permian in NW Europe.
The dykes studied show similar orientations to major faults and often appear to be intruded along
pre-existing fractures or faults: these are NW-SE trending at Faraid Head and ENE-WSW trend-
ing at Castletown. Field and microstructural findings suggest that the emplacement of the dykes
and vents was closely associated in both space and time with carbonate-base metal sulphide min-
eralization, which was shortly followed by the influx of small, but regionally persistent amounts of
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fracture hosted hydrocarbons. Stress inversion analyses of faults that formed synchronously with
this mineralization yield NW-SE extension directions consistent, in the case of the Castletown
dykes, with the observed dyke-parallel sinistral senses of shear. The preferential development of
bitumen in dyke thermal aureoles is clear evidence that hydrocarbon generation and dyke em-
placement are related events. This mineralization sequence is identical to that associated with the
dominant system of late faults (Group 3 structures) recognized across Caithness (see Chapter 4)
and dated in the Dounreay area at ca. 267 Ma by Dichiarante et al. (2016; see Chapter 2). The
same event is also recognized farther west across Sutherland and is inferred using a range of ge-
ological and other evidence to be of a similar Early Permian age (see Wilson et al., 2010 and
references therein).
The Re-Os dating of syn-fault pyrite mineralization at Dounreay is Permian and overlaps with the
K-Ar ages of 268-249 Ma (Baxter & Mitchell, 1984) from three alkaline lamprophyre dykes at
Castletown. It also broadly coincides with the latest peak of mantle-sourced regional Permian (ca.
269-261 Ma) igneous activity throughout NW Europe and the North Sea (see Glennie et al., 2003;
Upton et al., 2004). However, it is significantly younger than the U-Pb zircon age of ca. 313 Ma
obtained by Lundmark et al. (2011) from a lamprophyre dyke in Orkney. Clearly, further work
is needed to establish whether there are sets of dykes of differing age in Orkney - and perhaps
Caithness - but the field observations described here suggest that proposals like that of Lundmark
et al. (2011) seeking to ascribe all igneous intrusion events to a single event ca. 310-315 Ma cannot
be supported. The field observations also suggest that it may also be unwise to use dyke trends
to infer regional extension vectors without first considering the possible influence of pre-existing
structures on those trends.
Finally, the observed close relationship between local dyke intrusion and hydrocarbon develop-
ment raises the possibility that the Devonian rocks of the Orcadian basin may have been taken
through the oil window due to regional scale heating during thermal doming related to the em-
placement of the lamprophyre regional dyke swarm in the Early Permian. This possibility has
been discussed previously by Parnell (1985) but he preferred an earlier maturation phase follow-
ing regional burial in the Late Devonian or Carboniferous. The new observations made here and
new dating of fault hosted mineralization events suggest that the possibility of an Early Permian
oil maturation phase needs to be reappraised.
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Chapter 4
The onshore structural evolution of the Orcadian Basin, NE Scotland:
multiple phases of regional rifting, with local oblique reactivation and
inversion1
Abstract
The onshore Devonian sedimentary rocks of the Orcadian basin in Caithness host significant lo-
calized zones of fracturing, faulting and open to tight folding on all scales. New field and mi-
crostructural analyses reveal 3 main groups of structures based on orientation, kinematics and
infill:
Group 1 structures comprise localised, mostly small-scale folds and bedding-parallel detachments
that likely formed prior to full lithification and widespread, somewhat later steep faults. The latter
structures trend mostly N-S and NW-SE and display predominantly sinistral strike-slip to dip-slip
extensional movements. They form the dominant structures in the eastern part of Caithness, east of
Gills Bay and are widespread in Orkney. Gouges/breccias associated with these faults characteris-
tically display little or no carbonate mineralization or veining. Stress inversion of fault slickenline
data suggest ENE-WSW extension suggesting that Group 1 structures are related to regional-scale
Devonian sinistral transtension associated with left lateral movements along the NW-SE trend-
ing Great Glen Fault (GGF) during Orcadian and proto-West Orkney basin formation. A number
of large NNW-SSE to NNE-SSW and ENE-WSW structures are thought to have initiated dur-
ing the Devonian as basin and sub-basin bounding structures (e.g. Bridge of Forss, Brough, North
Scapa and East Scapa faults), many of which have been reactivated during subsequent deformation
events.
1A.M. DICHIARANTEa, R.E. HOLDSWORTHa, E.D. DEMPSEYa, K.J.W. McCAFFREYa.
a = Department of Earth Sciences, Durham University, Durham DH1 3LE, UK
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Group 2 structures are metre- to kilometre-scale N-S trending folds and small displacement
thrusts related to a highly heterogeneous regional inversion event recognized locally throughout
the field area, but particularly in the region east of the Brough Fault in Caithness and throughout
Orkney. Once again, fault rocks associated with these structures display little or no carbonate min-
eralization or veining. Group 2 structures are likely related to late Carboniferous – early Permian
inversion (local E-W shortening) associated with dextral reactivation of the GGF.
Group 3 structures are the dominant brittle structures found onshore in Caithness. They com-
prise dextral oblique normal NE-SW and sinistral more E-W trending faults with widespread syn-
deformational carbonate mineralisation (± pyrite and bitumen) both along faults and in associated
mineral veins. Although widespread, associated strain intensities are modest. In several locali-
ties (e.g. Kirtomy, Brough, St. John’s Point) oblique reactivation of large pre-existing Group 1
faults has led to localized, complex zones of transpression or transtensional folding, faulting and
inversion. Unlike Group 2 folds, these later structures are synchronous with the carbonate and as-
sociated mineralisation events. It is possible, however, that some of these folds are reactivated,
tightened up Group 2 folds formed initially during E-W compression (e.g. Skarfskerry). Re-Os
model ages of syn-deformational fault hosted pyrite in Caithness have yielded Permian ages (ca.
267 Ma). Stress inversion of fault slickenline data associated with mineralization suggests a NW-
SE regional stretching leading to rifting, an episode also recognized farther west in Sutherland.
Thus from St. John’s Point to Cape Wrath, Permian age (Group 3) brittle faults dominate the
north coast of Scotland, forming part of a regional-scale North Coast Transfer Zone translating
extension from the offshore West Orkney Basin westwards into the North Minch Basin. In east-
ernmost Caithness and Orkney, earlier Group 1 and Group 2 structures dominate, likely due to
their proximity to the GGF, although local Group 3 faulting and associated mineralization is still
recognized, especially close to larger reactivated structures such as the East Scapa Fault.
Keywords: faulting, mineralization, West Orkney Basin, Orcadian Basin, Permo-Triassic
4.1 Introduction
The Devonian Orcadian Basin occurs onshore and offshore in the Caithness, Orkney and the
Moray Firth regions of northern Scotland, overlying Caledonian basement rocks of the North-
ern (Moine) and Central Highland (Dalradian) terranes (Fig. 4.1; Johnstone & Mykura, 1989;
Friend et al., 2000). The basin belongs to a regionally linked system of Devonian depocentres
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that extend northwards into Shetland, western Norway and eastern Greenland (Fig. 4.1a; Seranne,
1992; Duncan & Buxton, 1995; Woodcock & Strachan, 2012). It is partially overlain by a num-
ber of Permian to Cenozoic, mainly offshore basins, including the West Orkney and Moray Firth
basins (Fig. 4.1b).
In terms of the Devonian basin fills, Lower Devonian (Emsian) syn-rift alluvial fan and fluvial-
lacustrine deposits are mostly restricted to the western area of the Moray Firth region (Rogers
et al., 1989) and parts of Caithness (NIREX, 1994c) occurring in a number of small fault-
bounded basins of limited extent. These are partially unconformably overlain by Middle Devonian
(Eifelian-Givetian) syn-rift alluvial, fluvial, lacustrine and locally marine sequences that domi-
nate the onshore sequences exposed in Caithness, Orkney and Shetland (Figs 4.2a-c, Marshall &
Hewett, 2003). These rocks are, in turn overlain by Upper Devonian (latest Givetian-Famennian)
post-rift fluvial and marginal aeolian sedimentary rocks (Friend et al., 2000). These younger
rocks are only found as outliers at Dunnet Head in Caithness and on Hoy in the Orkneys west of
the Brough-Brims Risa Fault (Figs 4.2a, c).
The Middle Devonian rocks of the Caithness area are in excess of 4 km thick and are divided into
three groups based on lithology and fossil content (from oldest to youngest): the Lower Caithness
Flagstone Group, the Upper Caithness Flagstone Group and the John o’Groats Sandstone Group
(Fig. 4.3; Andrews et al., 2016). With the exception of the Upper Devonian rocks of Dunnet Head,
Hoy in Orkney and the John o’Groats Sandstones that crop out east of St. John’s Point, the rocks
studied along the north coast during the present work all belong to the Upper Caithness Flagstones
and their equivalents in Orkney (Upper Stromness Flagstone Formation and Rousay Flagstone
Member, see Fig. 4.3). In Caithness, this group is conveniently sub-divided on the basis of fossil
associations into three formations that are collectively estimated to form a succession up to 1 km
thick (oldest to youngest): the Latheron Subgroup (155 m), the Ham-Skarfskerry Subgroup (750
m) and the Mey Supergroup (> 583 m) (Donovan et al., 1974; Trewin, 2002; BGS, 2005).
Middle Devonian strata are exposed unconformably overlying basement rocks mainly in Eastern
Sutherland (e.g. Kirtomy, Baligill, Red Point, Portskerra; see Trewin, 1993 and references therein)
and very locally in Orkney (near to Stromness; Strachan, 2003). Well-developed buried landscapes
are preserved with local topographic relief exceeding 30 m in some locations, with onlapping se-
quences of Devonian strata, syn-sedimentary slumping and local differential compaction features
developed (Donovan, 1975; Trewin, 1993).
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4.2 Basin formation and tectonics
The origin of the Orcadian and nearby West Orkney basins has been a matter of some debate. In-
terpretations of deep crustal and shallow commercial seismic reflection profiles north of Scotland
suggested that the West Orkney Basin comprises a series of half grabens bound by easterly dip-
ping normal faults (Fig. 4.2a; e.g. Brewer & Smythe, 1984; Coward & Enfield, 1987). Earlier
interpretations (e.g. McClay et al., 1986; Enfield & Coward, 1987; Norton et al., 1987) suggested
that much of the offshore basin fill was Devonian and that both the Orcadian and West Orkney
basins formed due to the extensional collapse of the older underlying Caledonian thrust wedge. In
these models, the graben-bounding faults were interpreted to root downwards into extensionally
reactivated ESE-dipping Caledonian thrusts such as the Moine Thrust. Coward & Enfield (1987);
Enfield & Coward (1987); Enfield (1988) and Coward et al. (1989) combined interpretation of
seismic reflection profiles with fieldwork along the coastal exposures of Sutherland, Caithness
and Orkney and attempted to link the interpreted faults offshore with structures seen in coastal
exposures such as the bounding faults of the Watch Hill (Tongue), Kirtomy, Poulouriscaig and
Reay half-grabens (Fig. 4.2a). However, the interpreted trend of these structures changes from
NNE-SSW offshore to N-S to NNW-SSE inland (Enfield, 1988). As a result, these authors tried to
link these structures by curving the offshore NNE trend into the more NNW-SSE trends observed
onshore.
More recent studies have cast significant doubt on these models, showing, for example, that the fill
of the offshore West Orkney Basin is predominantly Permo-Triassic (e.g. Stoker et al., 1993) and
that there is only limited onshore evidence for basement reactivation (e.g. Roberts & Holdsworth,
1999). A regional study along the northern coastline of Scotland by Wilson et al. (2010) in the
basement-dominated region lying west of the Orcadian Basin presented field evidence that faults
hosted in basement rocks and overlying Devonian and Permo-Triassic red bed outliers are the re-
sult of two kinematically distinct phases of rifting. These authors showed that an early phase of
Figure 4.1 (preceding page): (a) Regional extent of the Orcadian Basin (modified from Ducan and Buxton,
2005) showing the trace of seismic lines (including BIRPS, MOIST, MINCH 1 & 2A and DRUM); (b)
Regional geological map of Northern Scotland and associated offshore regions adapted from Evans (2003))
showing the main basins, regional fault systems and onshore Devonian sedimentary outcrops. NHT =
Northern Highland Terrane; CHT = Central Highland Terrane; O = Orkney; S = Shetland; DH = Dunnet
Head; H = Hoy. (c) Simplified reconstruction of the palaeocontinental fragments around Britain, East
Greenland and Norway prior to continental break up and opening of the Atlantic (Woodcock and Strachan,
2012 modified). Yellow star shows the area of study.
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ENE-WSW extension that they related to regional scale Devonian sinistral transtension associ-
ated with left-lateral movements along the Great Glen Fault (GGF; Dewey & Strachan, 2003) was
overprinted by a widely developed later phase of NW-SE extension. Geological and palaeomag-
netic evidence from fault rocks and red bed sedimentary rocks in the Tongue and Durness regions
(Blumstein et al., 2005; Wilson et al., 2010; Elmore et al., 2010) suggested that this later rifting
was Permo-Triassic and related to the offshore development of the West Orkney and Minch basins.
Thus, it seems possible that the more generally north-south trends of the half-graben bounding
faults onshore were Devonian structures entirely older than the more NNE/NE-SSW/SW trends
bounding the Permo-Triassic fill of the West Orkney Basin offshore, i.e. they were not necessarily
linked in the way originally envisaged by Enfield and co-workers. This suggestion is confirmed
by recent remapping of top-basement faults from offshore seismic reflection data (Fig. 4.2b; Bird
et al., 2015).
Dichiarante et al. (2016) (see Chapter 2) carried out detailed mapping in the Middle Devonian
rocks of the Orcadian Basin in the Dounreay district (Fig. 4.9c) and showed that faulting here is
dominated by a series of NNE to NE striking faults. In this area, the brittle structures are char-
acteristically associated with widespread carbonate - base metal sulphide (pyrite, chalcopyrite,
chalcocite) - hydrocarbon mineralization hosted in tensile veins, dilational jogs and along shear
surfaces. Field and microstructural observations revealed that the carbonate and sulphide miner-
alization is coeval and occurred synchronously with the main phase of extensional-transtensional
fault movements on these structures. Hydrocarbons originating from local Devonian source rocks
locally post-date local carbonate and pyrite fills, but are hosted in the same fracture systems and
likely overlapped in time with the main phase of mineralization and faulting. Stress inversion anal-
yses carried out on slickenline-bearing mineralized faults in the region consistently show that they
are associated with a regional phase of NW-SE extension.
Dichiarante et al. (2016) (see Chapter2) carried out Re-Os geochronology on two samples of fault-
hosted pyrite yielding a weighted average model age of 267.5 ± 3.4 [3.5] Ma. This suggests that
the main visible phase of extensional-transtensional faulting cutting the Devonian rocks of the
Dounreay district (and by inference a substantial part of Caithness) is mid-Permian. This timing
and the NW-SE regional extension direction, agrees with that proposed during the onshore studies
along the north coast of Sutherland carried out by Wilson et al. (2010). Dichiarante et al. (2016)
then speculated that the dominant set of faults seen along the north coast of Scotland forms a
regional scale transfer zone related principally to the tectonic development of latest Palaeozoic to
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Mesozoic basins presently located offshore.
The ca. 267 Ma Re-Os pyrite age at Dounreay overlaps with K-Ar ages of 268-249 Ma (Baxter
& Mitchell, 1984) from alkaline lamprophyre dykes at Castletown (immediately east of Thurso).
In Chapter 3, it was shown that these dykes were emplaced synchronously with mainly sinistral
movements and associated carbonate-pyrite-bitumen mineralization along ENE-WSW trending
fault zones. More generally, this timing also coincides with the latest peak of mantle-sourced re-
gional Permian (ca. 269-261 Ma) igneous activity throughout NW Europe and the North Sea (see
Glennie et al., 2003; Upton et al., 2004). It is therefore conceivable that sulphide mineraliza-
tion and possibly local oil generation are directly related to regional Permian age igneous and/or
hydrothermal activity.
Finally, there are additional structural complications observed onshore. The Devonian rocks in
the Orcadian Basin are also locally deformed by mm to km-scale reverse faults, thrusts and folds,
especially on Orkney and in some parts of Caithness (e.g. Enfield & Coward, 1987; Norton et al.,
1987; Coward et al., 1989; Fletcher & Key, 1992; NIREX, 1994c; NIREX, 1994a). There are two
key problems here – what is the significance of these structures and what are their ages relative to
Devonian and Permian faulting episodes. Most authors have suggested that these structures are a
result of Permo-Carboniferous basin inversion perhaps related in some way to the far-field effects
of the Variscan orogenic event and/or to dextral strike-slip reactivation of the Great Glen Fault (e.g.
Coward et al., 1989; Seranne, 1992). Whilst the inversion story is plausible, recent theoretical,
experimental and field studies have shown that local compressional features can also form during
single phases of regional transtension suggesting that, in such cases, it is unnecessary to invoke
regional tectonic inversion (Dewey & Strachan, 2003; De Paola et al., 2005b; Venkat-Ramani
& Tikoff, 2002). Such processes may be important if local Devonian age faults are obliquely
reactivated during Permian rifting as transtensional (or transpressional) features. This might negate
the need to invoke Permo-Carboniferous inversion in all cases.
All of the above suggest that the existing structural history of the Orcadian Basin needs to be
Figure 4.2 (preceding page): (a) Schematic geological map of the north coast of Scotland showing the
location of Kirtomy, Polouriscaig and Strathy Basins and the trend of the onshore faults. (b) Offshore
faults in the West Orkney Basin based on 2D seismic mapping of the top- basement (redraw from Bird
et al., 2015). Close up of the geological map of (c) Caithness and (d) Orkney showing the study areas
with selected fieldwork localities, onshore and offshore faults and location of bathymetric datasets. 1 -
Dounreay, 2 - Brims Ness, 3 - Thurso Bay, 4 - Murkle Bay, 5 - Castletown, 6 - Dunnet Head, 7 - Ham Bay,
8 - Skarskerry, 9 - St. John’s Point, 10 - Ness of Huna, 11 - Thirle Door, 12 - Crow Taing and St. Mary, 13
- Point of the Baits, 14 - Birsay and 15 - Whitaloo Point.
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reassessed. In this chapter, I present a field-based structural analysis of faults, fractures and folds
at selected representative localities in the Middle and Upper Devonian rocks in the Orcadian Basin
that crop out along the northern Scottish coast and on selected areas in Orkney (Figs 4.2c and
4.2d, respectively). This will allow us to test the hypotheses that: (1) Permian age structures are
widespread in the Orcadian Basin; and (2) that localized reverse faulting/folding can occur due
either to oblique movements along pre-existing structures and/or due to regional inversion events.
In the latter case, it is also important to ascertain the age(s) of these local compressional structures
relative to the main phases of rifting in the Devonian and Permian.
Figure 4.3: Stratigraphy of the Middle Devonian rocks in Caithness and Orkney area based on lithology
and fossil content (Andrews et al. (2016)).
The rest of this chapter is structured as follows: in Section 4.3 a lineament analysis of the study
area is provided. In Section 4.4 and 4.5, I describe regional scale faults and their associated struc-
tures, mesoscale faults and folds from selected localities in Caithness and Orkney, respectively,
introducing and defining the main groups of structures recognized in the field. In Section 4.6 I dis-
cuss field observations and associated mineralization, the age and the stress regime of faulting in
Caithness and Orkney and fold-related faulting. The chapter is concluded in Section 4.7.
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4.3 Lineament analysis
4.3.1 Onshore lineaments
A regional lineament analysis can help to provide a preliminary geological characterization of an
area. In the present study, the picked lineaments have been verified during fieldwork in Sutherland,
Caithness and Orkney to make sure that they correspond to geological faults and fractures, and
that they are not artefacts or man-made features. Once verified, the analysis was then extended
into adjacent regions that were inaccessible. A lineament analysis of this kind can also provide
preliminary information on fault reactivation as shown during the work conducted by Wilson et al.
(2010) in which the parallelism of lineaments and pre-existing features (e.g. basement fabric) was
noted.
The creation and management of all data was carried out using ArcGis 10. A topographical
database using available maps for GIS on the Digimap web-source (vector format, 1 in 10,000
scale) and a geological database using British Geological Survey Maps (raster format, 1 in 50,000
scale) and available geological maps on Digimap (vector format, 1 in 50,000 scale) was created.
Cross-referencing during fieldwork suggested that almost all the lineaments picked corresponded
with faults and fractures. For some of areas (e.g. St. John’s Point, Dounreay) the quality of the
Google Earth aerial imagery also permitted the detection of very small scale faults (< m scale)
allowing first and second order structures and minor joints to be distinguished.
A statistical analysis has been conducted first on available lineament data from previous work
(Fig. 4.4a, after Wilson et al., 2010) which offered an integrated analysis at 1:100,000 scale in the
area of interest (box in Fig. 4.4a) and from Google Earth images of the Caithness area at 1:10,000
scale (example shown in Fig. 4.4g). I also combined the onshore multiscale lineament analysis
with a lineament analysis conducted on available detailed bathymetric maps offshore of Dounreay
(Figs 4.2c and 4.5a) and between St. John’s Point and Stroma Island (Figs 4.2c and 4.5b). Note
that Dichiarante et al. (2016) (Chapter 2) also presented a similar lineament analysis in both the
onshore and offshore regions of Dounreay.
Wilson et al. (2010) presented a combined lineament analysis of SPOT satellite images (10 m
resolution) and aerial photographs (25 m resolution) of the northernmost NW Highlands and north

















Figure 4.4: (a) Hillshade of northern Scotland with overlying geology and onshore lineament analysis conducted at scale 1:100K (after Wilson et al., 2010) and (b) length-azimuth
plot of picked lineaments. (c, d) Rose diagram of azimuth distribution (left) and azimuth/length distribution (right) of: (c) foreland lineaments and (d) Caledonian lineaments. (e, f)
Rose diagram of azimuth distribution (left) and azimuth/length distribution (right) of the region of study (location in Fig. 4.2a) at scales (e) 1:100k and (f) 1:1k. (g) Example of 1:10k
lineament analysis map. (h) Frequency distribution of 1:10k lineaments.
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Figure 4.5: Bathymetry maps for (a) Dounreay area and (b) St. John’s Point with interpreted lineaments.
(c, d) Rose diagrams of azimuth distribution (top) and azimuth/length distribution (bottom).
of the Moine Thrust (black lines in Fig. 4.4a) and 761 in the Caledonian Moine Nappe and
overlying Devonian rocks along the north coast and into northeast Scotland (red lines in Fig. 4.4a).
The azimuth-length distribution (Fig. 4.4b) does not show a clear clustering of data, but does reveal
that lineaments east of the Moine Thrust are twice as long compared to those in the Foreland
(see interpolation lines in Fig. 4.4b, noting that the vertical axes for the two populations are
different scales). The varying bedrock lithologies influence the amount of exposure and landscape
morphologies in the region. As a consequence, lineaments in the well-exposed foreland area (west
of the Moine Thrust) are more abundant compared to those in the Caledonian area (east of the
Moine Thrust) (Fig. 4.4b after Wilson et al. (2006).
In terms of orientation, the lineament analysis in the foreland (Fig. 4.4c left) reveals two dominant
sets of structures: NE-SW (50◦ scatter) and NW-SE (20◦ scatter) with a statistical mean trend-
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ing 062◦. A relative length distribution plot (Fig. 4.4c right) shows that the NW-SE lineaments
are typically 2-3 times longer than those trending NE-SW. East of the Moine Thrust (Fig. 4.4d
left), orientations are somewhat more diverse, with three dominant orientations of structures be-
ing apparent: NE- to ENE-, NW-SE- and NNW-SSE-trending with 60◦, 30◦ and 20◦ of scatter,
respectively. Relative length distributions show that the longest lineaments here are oriented N-S
and NW-SE and that they are typically 3 to 4 times longer than NE-SW- and NNW-SSE-trending
structures (Fig. 4.4d right).
In the region of the Orcadian Basin, east of Strathy Point (indicated by the black box in Fig. 4.4a) a
detailed lineament analysis was conducted on available photos (Google Earth images) at 1:10,000
scale (Fig. 4.4f) revealing 3918 lineaments compared to the 347 lineaments picked at 1:100,000
scale over the same area (Fig. 4.4e, Wilson et al., 2010). It is important to note here that most
onshore exposures of Devonian rocks occur along the coast and for this reason lineaments related
to geological features are similarly restricted to the coast. The general E-W trend of the coastline
may lead to a bias in the picked lineament trends.
In terms of orientation, the lineament analysis at 1:100,000 scale (Fig. 4.4e) reveals three dominant
sets of structures: N to NNE-S to SSW (40◦ scatter), NE-SW (20◦ scatter) and NW-SE (50◦ scatter)
with a statistical mean trending 026◦. A relative length distribution plot (Fig. 4.4e right) shows
that the N-S lineaments are typically 2-3 times longer than those trending NE-SW and NW-SE.
The lineament analysis at 1:10,000 scale (Fig. 4.4f) reveals two dominant sets of structures: N to
ENE (60◦scatter) and NW-SE (40◦ scatter) with a statistical mean trending 056◦. A relative length
distribution plot (Fig. 4.4f right) shows that the N-S lineaments are again the longest. These
findings are similar to those made in the Dounreay area by Dichiarante et al. (2016).
4.3.2 Offshore lineaments
An offshore lineament analysis has been conducted at Dounreay (Fig. 4.5a) and St. John’s Point
- Stroma (Fig. 4.5c) using available high-resolution bathymetry maps. At Dounreay, four major
sets of lineaments are well developed (Fig. 4.5c upper plot): N-S to NNE-SSW (30◦ scatter), E-W
(20◦ scatter), NW and NE with statistical mean trending 020◦ (red arrow in Fig. 4.5c top). A
relative length distribution plot (Fig. 4.5b lower plot) shows that E-W and NW-SE lineaments are
normally 4 times shorter than the N-S and NE-SW lineaments. These data were also reported by
Dichiarante et al. (2016; Fig. 2.2 in Chapter 2).
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At St. John’s Point - Stroma, two major set of structures are well developed: ENE-WSW (30◦
scatter) and NNW-SSE (30◦ scatter), with a statistical mean trending 072◦ (red arrow in Fig. 4.5d
upper plot). A relative length distribution plot (Fig. 4.5d lower plot) shows that the ENE-WSW
trending lineaments are normally 2 times longer than the NNW-SSE set.
4.4 Field observations
In the following sections, it will be argued that structures in Caithness can be sub-divided into 3
groups based on their relative age and kinematic significance: Groups 1, 2 and 3. Fault structures
associated with carbonate-base metal sulphide and bitumen mineralization described previously
in the Dounreay (Dichiarante et al., 2016; Chapter 2) and Castletown (Chapter 3) areas belong
to Group 3 and are predominant along much of the northern coastal section in Sutherland and
Caithness (see also Wilson et al., 2010). They are also widespread in Orkney, but are perhaps not
so strongly developed there.
In the following sections the key aspects of fault structures at Kirtomy Bay, Dounreay and Castle-
town (Dichiarante et al., 2016; Chapter 2 and Chapter 3) are described. This is followed by a
description of fault structures and associated folds in other key representative localities from west
to east across Caithness. For reasons of complexity, structures associated with the Brough Fault
running east of Dunnet Head (Brough Harbour) are described last. The Brough Fault is thought
to link to the Brims-Risa Fault in Hoy and so the final section then describes structures in some
key locations in Orkney. Similarities and differences between structures in adjacent areas are pre-
sented and used to show how they have been categorized in the three groups mentioned above.
The key localities presented in this chapter represent a portion of the structures and areas inves-
tigated along the north coast of Caithness and in Orkney, which are systematically described in
Appendix A.
Due to the flat topography and strong erosion along the coast, many of the regional-scale faults in
Caithness and Orkney are located in close proximity to large bays and are often not well exposed,
if at all. They can sometimes be more easily identified from offsets of mapped geological units,
aerial photos or inland investigations (e.g. Strathy Bay Fault, Sandside Bay). In other cases (e.g.
Brims Ness, Brough Harbour), the actual core of the fault is not exposed, but deformation in the
associated damage zone is preserved and can be used to make inferences about the fault movement
history.
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4.4.1 Kirtomy Bay
Kirtomy Bay (NC 74200 64100) is one of the onshore examples of a half graben that was de-
scribed by Enfield & Coward (1987) and Coward et al. (1989). The sedimentary (red bed) outlier
is bounded by a NNW-SSE fault at its western margin and is underlain by sub-vertical Moine
basement rocks (for a map, see figure 7c in Wilson et al., 2010). These red beds are thought
to be Devonian as they are very similar to the sedimentary rocks in the Strathy Bay half graben
lying to the east which contain the Achanharras fish fauna (Geikie, 1878; Crampton, 2010; Dono-
van, 1975). Breccio-conglomerates (Fig. 4.6a) occur directly adjacent to the basin-bounding fault
which was clearly active forming a topographic scarp during deposition, with episodic pulses of
material derived from local Moine basement rocks (Wilson et al., 2006).
Two main sets of minor structures are recognized cutting the gently dipping bedded red bed sand-
stones and conglomeratic rocks: NNW-SSE- to N-S- and ENE-WSW-trending faults which show
dextral oblique-slip and normal sinistral movements, respectively (Figs 4.6b-e). Movement indi-
cators include slickenlines and carbonate slickenfibres on fault planes and many offsets occurring
within clasts in the conglomerates. All these structures are associated with varying amounts of
pale carbonate mineralization (Figs 4.6b-d).
Local dextral reactivation of the NNW-SSE trending basement fabric in the underlying metamor-
phic Moine rocks is also observed, together with a set of ENE-WSW trending structures cutting
across it at high angles. In the most developed instances, the latter structures show a fracture
"corridor" pattern (Fig. 4.6f).
At the mesoscale (Fig. 4.6a), the interconnected fault systems exposed close to the bounding fault
of the half graben resemble a flower structure. Wilson et al. (2010) proposed that the mineralized
fault systems formed during NW-SE extension (in the Permian) and that the original NNW-SSE
Devonian-age bounding fault of the half graben has been reactivated as a dextral oblique slip fault.
A stress inversion carried out on fault data collected during the present study (Fig. 4.6h) supports
this proposal as it indicates a regional NW-SE extension direction with a steeply plunging σ1-
direction. Likewise the development of steeply-dipping to sub-vertical NE-SW carbonate-filled
tensile veins (Fig. 4.6g) also supports this proposal.
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Figure 4.6: (a) Cross section view of highly fractured conglomerate adjacent to bounding fault. Dextral
strike-slip fault zone trending parallel to bounding fault and associated normal faults. (b-c) Oblique views
of an ENE-WSW trending fault cutting a clast. Slickenfibers are developed where the fault plane displaces
the clast. (d) N-S trending fault cutting intra-basin sandstone with dextral oblique-slip slickenfibers on the
fault surface (e) Plan view of N-S trending faults in the conglomerate unit and dextral displacement of a
clast. (f) Plan view of a fault reactivated NNW-SSE basement fabric and ENE-WSW trending faults. Note
the corridor pattern of ENE-WSW structures. (g) Equal area stereonet plot and density contour of (1) poles
to faults and fractures, (2) poles to veins. (h) Stress inversion (Minimized Shear Stress Variation method)
of striated faults yielding NW-SE extension.
The Kirtomy locality therefore provides direct evidence that generally N-S to NNW-SSE trending
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faults bound a Devonian-age half graben with demonstrable syn-sedimentary movements (e.g.
Group 1 structure). This boundary structure has been reactivated during later (Group 3 age) NW-
SE rifting associated with carbonate mineralization that is very similar in style to that of Permian
age found in the Dounreay area by Dichiarante et al. (2016, Chapter 2).
4.4.2 Dounreay and Castletown - key aspects from Chapters 2 and 3
As shown in Chapter 2, the shallowly dipping Devonian sandstones forming the coastal cliffs
and inland exposures in the radioactive waste disposal pits in the Dounreay region are cut by
a series of vertical NNE-SSE trending fractures and faults and subordinate NE-SW and NW-
SE trending structures (e.g. Figs 4.7a,b). These Group 3 structures host significant amounts of
authigenic mineralization including carbonate, base metal sulphides and bitumen (Fig. 4.7c). Re-
Os geochronology has been used to date the syn-deformational fault infills (pyrite) and suggests
that the dominant set of (Group 3) faults formed during the Permian (267.5 ± 3.4 [3.5] Ma)
(Dichiarante et al., 2016; Chapter 2).
Data collected in the accessible parts of the cliffs and waste disposal pits at Dounreay and from
the White Geos Fault (WGF), which represents one of the better exposed and more accessible
major structures in the area, have shown that the majority of NE-SW trending faults show dextral
oblique normal displacements (Fig. 4.7b). These are closely associated with NE-SW tensile veins
(mostly <0.5 cm thick) observed in the wall rocks adjacent to the main faults. A stress inversion
analysis (Fig. 4.7d) suggests that the Group 3 structures in the Dounreay area formed during
NW-SE extension, a similar result to that obtained at Kirtomy (see above) and Castletown (see
below). N-S joints in the White Geo fault zone and in the adjacent wall rocks are interpreted to
be preexisting (Group 1) structures reactivated as tensile fractures and may show intense localized
mineralization.
As shown in Chapter 3, Castletown lies to the E of Dounreay, immediately S of Dunnet Head.
Here, Middle Devonian sandstones are cut by a large number of ENE-WSW trending faults with
a sinistral sense of shear and associated sub-vertical NNW-SSE to N-S tensile joints. Some faults
show extensive carbonate mineralization and the development of carbonate-cemented breccias



































































































Figure 4.7: (a) Well-developed NNE-SSW fracture corridor at Dounreay. Most fractures are confined between two bounding faults (thicker red lines). (b) Dextral-oblique kinematics
on a NE-SW fault plane at Dounreay. (c) Freshly broken open surface of fault rocks showing zones of early sulphide overgrown by calcite lining a bitumen-filled vuggy cavity. (d)















Figure 4.8: (a) Panoramic view at Castletown showing two ENE-WSW trending faults at dyke margins and tilted bedding in the fault confined region. The kinematics observed on the
fault is sinistral and are consistent with the block tilting and rotation in the centre of the photo. (b) Sets of veins associated with the lamprophyre dyke at Castletown and (c) occurrence
of bitumen and pyrite together with carbonate mineralization. (d) Stress inversion (Minimized Shear Stress Variation method) of striated faults yielding NW-SE extension.
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A series of sub-parallel, ENE-WSW trending dykes also occur here following the larger faults and
cutting the country rock strata with an en-echelon, mainly left-stepping- pattern. Anticlockwise
rotation and tilting of sandstone beds in step-over regions with approximate areas of up to 20 m2
between two of these dykes are consistent with oblique sinistral movements along dyke-margin-
parallel faults (Fig. 4.8a). Internally, the dykes are cut by a series of N-S and ENE-WSW trending
tensile carbonate veins, which dip between 76◦ and 90◦ (Fig. 4.8b) and bitumen has been observed
associated with some of the mineral infills (Fig. 4.8c) and lining fractures in the contact metamor-
phosed aureoles of some dykes. A stress inversion plot of the carbonate-bitumen bearing faults
again suggests NW-SE extension (Fig. 4.8d), implying that the faults, tensile veins and the intru-
sion of the dykes are all similar to the Permian age Group 3 structures recognized at Kirtomy and
Dounreay.
4.4.3 Brims Ness
Brims Ness lies to the E of Dounreay and shows significant structural complexity related at least
in part to its proximity to the regional-scale Bridge of Forss Fault Zone (Fig. 4.2c).
The Bridge of Forss Fault (BFF) is thought to be a major structural feature in Caithness (e.g.
Fletcher & Key, 1992; NIREX, 1994c; NIREX, 1994a). The fault core is not exposed and runs
out through the prominent coastal inlet forming the Port of Brims (Fig. 4.9a). Inland and to the
SSW, it is associated with a prominent NNE-SSW trending lineament that follows the gully lo-
cated immediately to the east of the Castle (Fig. 4.9a). The BFF here juxtaposes the Crosskirk Bay
Formation (latest Givetian), which crops out on the western side of the bay, against the Mey Flag-
stone Formation (latest Eifelian-Givetian) on the eastern side. These rock units show very different
deformation styles with an increasing deformation intensity moving closer to the fault. Although
the magnitude of offset across the fault is unknown, it is likely to be at least several hundred meters
(e.g. BGS, 2005). It has been proposed that this structure has significant syn-depositional, SE-side
down Devonian-age movements and that it separates the basin margin sequence to the NW from a
thicker basin sequence to the SE (e.g. Fletcher & Key, 1992; NIREX, 1994c; NIREX, 1994a).
The lack of exposure of the major fault plane and associated fault rocks mean that it is impossible
directly to determine if the fault has been active during deposition as a Group 1 structure (e.g.
during Devonian times). However, deformation structures are exceptionally well exposed either
side of the Port of Brims and are conveniently described in a number of smaller subareas (yellow
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outlines in Fig. 4.9a). In addition, a further set of localised, but prominent and important structures
can be observed in the coastal cliffs and platform at [ND 03726 71359], 290 m W of the Brims
Ness Chapel and 730 m NW of the Port of Brims (see Fig. 4.12a).
4.4.3.1 Immediately west of the BFF
Shallowly-dipping, finely laminated sandstones and siltstones of the Crosskirk Bay Formation are
well exposed in both the cliff and flat-lying rock platforms on the west side of the Port of Brims
(e.g. Figs 4.9b-h). In the cliff (ND 04342 71031), a series of fault zone corridors occur, com-
prising a series of subparallel NNE-SSW and interlinked N-S trending faults containing intensely
brecciated zones (Figs 4.9b, d, e, f). Typically these fracture corridors range between 1 and 5 m
in width. Faults trend between 020◦ and 025◦ and dip values are between 80◦ and vertical. Car-
bonate mineralization is widely observed on exposed fault panels and in smaller veins trending
parallel to the fault zones (stereonets in Fig. 4.9i). Kinematic indicators observed on the main
faults and secondary fault planes (e.g. slickenlines and grooves) show dextral oblique kinematics
on mineralized NNE-SSW fault planes (e.g. Fig. 4.9c).
In the flat-lying platform (ND 04352 71051), a clast-supported breccia with clasts of angular
country rocks set in a pale white-brown carbonate cement occurs in a dilational pull apart or "jog"
feature located next to an intense area of veining and between two main fault planes which show
overall dextral kinematics (Fig. 4.9e). Clasts in the breccia vary in size between <2 mm to about
3 cm (Fig. 4.9f). Also some NNW-SSE trending open folds occur in the flat-lying platform (Fig.
4.9g) and appear to be related to compressional jog features consistent with dextral shear along
the same NNE-SSW trending faults.
N-S trending faults occur in both the cliff and platform and they show normal lineations not asso-
ciated with carbonate mineralization. They are cut by the NNE-SSW trending faults and they are
therefore considered to be possible early (Group 1) structures (e.g. Fig. 4.9h).
A stress inversion analysis carried out on the unmineralized N-S trending faults yields an E-W ex-
tension direction consistent with these features being Group 1 (Fig. 4.9j left). A NW-SE extension
direction was obtained using a stress inversion analysis on the NNE- to NE- trending structures
(Fig. 4.9j right) and it suggests that these faults are Group 3 structures, a proposal consistent with
the widespread development of associated carbonate mineralization (e.g. Figs 4.9c-f).
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The prominent NNE and N-S structural trends and dextral oblique kinematics suggest an element
of structural inheritance parallel to the supposed Devonian-age BFF, but there is no direct evidence
seen here for fault reactivation. A number of prominent NNE-SSW fracture corridors are seen in
the cliffs and rock platforms in an area 35 m wide extending west of the Port of Brims. The defor-
mation dies away from the Port of Brims to Brims Ness itself, where relatively little deformation
is seen in the Devonian strata.
4.4.3.2 Immediately east of the BFF
In the cliffs and rock platform immediately E of the Port of Brims and the Bridge of Forss Fault
(BFF; area centred around ND 04421 71048), the shallowly WNW-dipping interbedded sand-
stones, siltstones and shales of the Mey Flagstones are moderately to strongly deformed in a zone
20 m wide, with markedly different deformation behaviours shown due the lithological contrast
between sandstones and mudstones (Figs 4.10a-c). Metre- to decimetre-spaced normal faults and
cm- to m-scale, open to tight folds occur in the mudstone-dominated layers below the prominent
sandstone unit (green region in Figs 4.10a, 4.10c, with folds shown in Figs 4.10d and g). The
sandstone unit preserves intense brittle deformation in the form of closely-spaced (1-3 mm gaps)
deformation bands each about 1 mm thick (Figs 4.10b, c). The development of deformation bands
within the sandstones here is so intense here that it largely obscures the bedding laminations in
the 20 m wide region closest to the BFF. Similar to the structures observed at Dounreay, and im-
mediately west of the BFF, the faults here are N-S to NE-SW trending (strikes vary between 356◦
and 032◦), dipping mainly to the SE (between 45◦ and 80◦). Based on preserved slickenlines and
bed offsets, the majority of fault movement senses are dextral oblique- to dip-slip normal. Faults
are associated with thin (up to 3 mm) carbonate veins (Fig. 4.10f). Open to tight folds are lo-
cally developed in the interbedded sandstones, siltstones and shales, but not the thick sandstone,
Figure 4.9 (preceding page): (a) Location map and main features observed at Brims Ness; (b) Cross-view
of the area immediately W of the Bridge of Forss Fault (BFF), Port of Brims, showing a N-S trending fault
on the cliff adjacent to the BFF zone, (c) close up of a NNE-SSW fault panel showing the occurrence of
carbonate mineralization (calcite), hematite staining and dextral oblique slickenlines and (d) close up cross-
view of one of the fault corridors shown in Fig. 4.9b. (e) Corridor structure along the platform showing
dextral kinematics of the confining fault and (f) well-developed fault breccia in carbonate cement. (g) Open
NNW-SSE trending fold occurring 20 m NE of The Castle. (h) N-S trending faults occurring in the platform
terminating on the NNE-SSW trending faults observed in the platform and cliff. For reference, the breccia in
Fig. 4.9f is oulined in yellow here. (i) Equal area stereonet plot and density contour of (1) poles to bedding,
(2) poles to faults and fractures, (3) poles to veins and (4) hinge and axial planes. (j) Stress inversion of
striated faults for the area immediately W of the Bridge of Forss Fault (BFF), Port of Brims, yielding (left)
E-W extension for Group 1 structures and (right) NW-SE extension for the mineralized Group 3 structures.
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on cm- to m-scales, with hinges that are gently to moderately (11◦ to 44◦) plunging to the NNW
or NNE (Figs 4.10d, 4.10h plot 3). A gentle to open antiform affects the lower contact of the sand-
stone with the interbedded sandstones, siltstones and shales described above (see sketch in Fig.
4.10e) and the bedding readings suggest a NE-SW trending hinge (18/045), plunging to the NE
(Fig. 4.10h).
A stress inversion analysis of the fault data (Fig. 4.10i) yields a NW-SE extension direction and
suggests that many, if not all, of these structures are Group 3 structures formed in a tens of metre
wide, relatively high-strain zone located immediately ESE of the BFF. However, the structural
history here is likely to be significantly more complex and is related to the long term reactivation
of the BFF.
The predominant NNE to NE plunging folds are difficult to relate to dextral shear along the sub-
parallel BFF. The folds are typically cross-cut by dextral oblique to normal faults associated with
carbonate mineralization (Fig. 4.10g). The most straightforward interpretation would therefore
be that these are Group 2 inversion structures resulting from a small component of E-W compres-
sional inversion along the BFF. It is possible that the subordinate set of open cm-scale folds with
more NNW plunges are related to dextral shear along the BFF, but this cannot be proven from the
existing exposures.
Given the regional stratigraphic evidence that the BFF was active during the Devonian, it is also
perfectly possible that some of the faults and fractures developed here – especially the closely
spaced deformation bands in the sandstone - formed initially as Group 1 structures. This is es-
pecially true as other Group 1 structures are commonly associated with this specific style of fault
rock development (see below). Faults thought to be related to Group 3 age deformation are very
different as they are more typically clean breaks with associated carbonate mineralization (cf. the
structures described by Dichiarante et al. (2016), Chapter 2 in the Dounreay area).
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Figure 4.10: (a) Oblique view, (b) cross section view and (c) schematic sketch of faults and fractures
developed in area immediately E of the BFF, Port of Brims in the Crosskirk Formation showing the contrast
in the deformation between sandstone- and mudstone-dominated layers. Folds mainly occur in the bottom
mud layer (green) and intense brittle deformation in the top sand layer (grey). (d) Detail of the folds. (e)
Sketch of the structures in the area immediately E of BBF, Port of Brims. (f) Oblique view of a NNE-SSW
trending fault and associated thin carbonate veins at the footwall. (g) Cross section view of NNE plunging
fold cross-cut by normal fault. (h) Equal area stereonet plot and density contour of (1) poles to bedding
(2) poles to faults and fractures, (3) folds and axial planes. (i) Stress inversion (Minimized Shear Stress
Variation method) of striated faults for the area immediately W of the Bridge of Forss Fault (BFF), Port of
Brims, yielding NW-SE extension for the mineralized Group 3 structures.
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4.4.3.3 Farther E away from the BFF
Moving E away from the BFF, the intensity of deformation banding in the sandstone unit decreases
and a large (about 200 m) open syncline is developed in the platform sandstones (Fig. 4.9a, fold
hinge exposed at ND 04678 71041). The fold is NW-SE trending and gently plunging (18◦)
to the NW (315◦). It gently refolds a series of N-S to NE-SW-trending mesoscale faults and
deformation bands in the sandstones. A sample of fault breccia BR1 was collected here (ND
03625 71358) associated with a N-S trending fault (Fig. 4.11h). In thin section it comprises a
clast-supported breccia with poorly sorted angular to sub-angular clasts <1 mm to several cm
across, set in a fine brown hematite-stained matrix of quartz- and clay-cemented gouge (Figs
4.11h-i). No other mineralization is associated with clasts and matrix and the fault rock lacks any
kind of clast alignment.
The NW-plunging fold is truncated by a poorly exposed ENE-WSW fault (Fig. 4.9a) and this is
inferred to be a sinistral structure as left lateral offsets are preserved along smaller faults with the
same ENE trend cutting the shallowly WNW-dipping interbedded sandstones and shales south of
this inferred fault (e.g. at ND 04700 71038).
Two prominent E-W trending faults with cm-scale offsets occur in the cliffs (e.g. at ND 04497
71071) (Fig. 4.11a), dipping 40◦ and 76◦ to south and forming a tilted conjugate set. Kine-
matic indicators on the fault show two different movements (Fig. 4.11c): near dip-parallel slip
and oblique sinistral (pitch 68◦) normal. No mineralization or infill is associated with the fault
planes at a mesoscale which is instead characterized by the development of intense deformation
bands, mainly occurring in its hangingwall (Fig. 4.11b). Sample BR2 was collected (ND 04497
71071) from the E-W trending fault shown in Fig. 4.11b. The fault rock is dominated by lightly
hematite strained cataclastic deformation bands (or granulation seams) with an anastomosing and
coalescing pattern at meso- to micro-scales (Figs 4.11j, k).
An example of NW-SE trending normal fault occurs on the platform, south of the previous faults
(ND 044021 71048, Fig. 4.11g) and is associated with a characteristic green gouge (Fig. 4.11e).
No slickenlines are preserved on this fault plane.
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Figure 4.11: (a) Cross section view of a Group 1 structure in the area further E of the BFF, Port of Brims;
(b) detail view of a network of cataclastic deformation bands next to the fault plane. (c) Kinematic evidence
observed on the fault plane. (d) NW-SE trending fault and (e) detail of the associated green gouge. (f)
Equal area stereonet plot and density contour of (1) poles to faults and fractures, (2) poles to veins and (3)
axial planes and fold hinges. (g) Stress inversion (Minimized Shear Stress Variation method) of striated
faults for the area further E of the BFF, Port of Brims, yielding E-W extension for Group 1 structures.
(h-k) Representative thin-section photographs of fault rocks of Group 1 structures. (h) Thin-section and
(i) microphotograph of a fault breccia. (j) Thin-section and (k) microphotograph of a consisting of several
deformation bands subparallel to the slip surface.
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A stress inversion analysis of the structures that preserve slickenlines and are associated with
deformation bands in this area yields an ENE-WSW extension direction consistent with Group 1
structures in other parts of Caithness (Fig. 4.11e). It is suggested that the NW-SE trending open
fold observed in the platform and the sinistral ENE-WSW trending faults are Group 3 structures
formed during dextral shear along the BFF which locally refolded and/or reactivated Group 1
structures in the sandstone unit.
4.4.3.4 Brims Ness Chapel
290 m metres west of the ruined chapel at Brims Ness (Fig. 4.12a), and 730 m west of the BFF,
a decametre-scale zone of NNE-SSW thrust faults and folds occurs in otherwise little deformed,
shallowly WNW-dipping laminated sandstones forming the cliffs and rock platform (Figs 4.12b-e,
4.13a-f). Folds hinges trend NNE-SSW and gently plunge mainly to the NNE (Fig. 4.13f plot
3). Axial planes trend N-S to NNE-SSW and dip both NW and SE, reflecting a conjugate kink to
box-fold geometric fold-style (see also Figs 4.12c-d, 4.13d). Flexural slip lineations are widely
preserved on exposed bedding planes and lie at high angles to local fold hinges (Fig. 4.13a; light
green arrow in sketch in Fig. 4.13h). Exposed thrust faults are characterized by slightly sinistral-
reverse oblique kinematics (Fig. 4.13b; small red arrow in sketch in Fig. 4.13h). The fold hinges
lie slightly clockwise of the thrust faults consistent with this sinistral oblique shear sense and, as a
result, the flexural slip lineations are also oriented slightly clockwise of the thrust fault lineations
(Figs 4.13f and 4.13h). Hematite staining is observed associated with some of these structures (e.g.
Fig. 4.13b). No other mineralization has been observed associated with folding, and carbonate
veins with bitumen (e.g. like those seen in Fig. 4.13c) locally cross cut the thrusts and folds.
Small–scale kink/box folds with the same trends and associated mm-to cm-displacement thrust
faults are preserved locally (e.g. Fig. 4.13d-e) in the otherwise little deformed, flat-lying strata
forming the well exposed rock platforms of Brims Ness north of the chapel.
A stress inversion analysis of the thrust fault slickenline lineation data yields a horizontal E-W
sigma 1 axis consistent with the slightly sinistral-oblique contractional deformation (Fig. 4.13g).
These structures pre-date local carbonate and bitumen-bearing fractures and veins and are there-
fore interpreted to be regional Group 2 features. Their age and regional significance is further
discussed in Section 4.7.
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Figure 4.12: (a) Map of Brims Ness showing the locations described in Fig. 4.9 and the location West of
Brims Ness Chapel. (b to e) E-W cross-section views of thrusts and folds occurring west of Brims Ness
Chapel at ND 03754 71364 and ND 03717 71348 showing thrust and fold zone on the cliff and folds on the
platform.
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Figure 4.13: (a) Bedding parallel lineations reflecting flexural slip processes and (b) reverse lineations on
a N-S trending fault. (c) Thin carbonate veins with bitumen occurring on the platform. (d) Kink-box shape
and (e) open folds with small scale thrusts. (f) Equal area stereonet plot and density contour of (1) poles to
thrusts and (2) axial planes and fold hinges. (g) Stress inversion (Minimized Shear Stress Variation method)
of striated faults for the area West of Brims Ness Chapel, yielding E-W compression for Group 2 structures.
(h) Schematic illustration with relative orientation and kinematics of thrust faults, and associated folds.
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4.4.3.5 Brims – summary and synthesis
The complex deformation patterns associated with the BFF are consistent with the long-lived
history of reactivation inferred by other workers (e.g. Fletcher & Key, 1992; NIREX, 1994c;
NIREX, 1994a).
The earliest structures recognized are normal faults in various orientations (N-S, NNE-SSW, E-W
and possibly NW-SE, Fig. 4.14a) which are spatially restricted to the region a few tens of metres
either side of the BFF. They are characteristically associated with the widespread development of
multiple sets of mm-wide deformation bands in sandstone units and, locally, with green gouge or
hematite staining. Other mineralization is absent. These features are interpreted to be Group 1
structures of Devonian age and are thought to have formed during normal faulting along the BFF
during initial basin development. A stress inversion analysis of the compiled Group 1 fault data
here suggests a regional E-W to ENE-WSW extension directions (Fig. 4.14e).
Figure 4.14: Brims Ness equal area stereonet plots and with density contours of poles to (a) Group 1
faults and fractures. (b) Equal area stereonet plot of fold hinges with density contour plot and axial planes
immediately east of the BBF. Note the similar orientation with the (c) fold trends occurring farther west
of the BBF and consisting in Group 2 structures. (d) Group 3 faults and fractures. Stress inversion results
(all localities) for (e) Group 1, (f) Group 2 and (g) Group 3 structures at Brims Ness yielding ENE-WSW
extension, E-W compression and NW-SE extension, respectively.
Millimetre to decameter-scale N-S to NE-SW folds are found locally in the region both immedi-
ately adjacent to the BFF (mainly on the eastern side, Fig. 4.14b) and also in a localized zone of
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folding and associated top-to-the-E thrusting 700 m to the west of the BFF (Fig. 4.14c). These
structures are cross-cut by Group 3 age carbonate-bitumen veins and stress inversion analyses
suggest an E-W compression (Fig. 4.14f) consistent with the slight sinistral reverse shear sense
and clockwise oblique relationship between local thrust faults, fold hinges and flexural slip lin-
eations (Fig. 4.13h). These structures are thought to be Group 2 and are inferred to be Permo-
Carboniferous inversion features described in the region by other authors (e.g. Coward et al.,
1989). Some or all of the folds seen on the eastern side of the Port of Brims are also plausibly
Group 2 structures formed due to the local compressional inversion and reactivation of the BFF.
This is consistent with them being cross-cut by carbonate-bearing dextral oblique normal faults
(e.g. Fig. 4.10g) of inferred Group 3 age. However, it is possible that some of the NNW to NW
plunging minor folds formed later due to dextral shear along the nearby BFF (e.g. Fig. 4.9g).
Clean cut fractures trending NNE-SSW and ENE-WSW are widespread in the rocks either side
of the BFF and largely die away within 30 to 50 m on either side (Fig. 4.14d). They are widely
associated with carbonate and locally bitumen mineralization and are characterized by dextral
normal and sinistral normal senses of shear, respectively. East of the BFF, a large open gently
NW-plunging fold appears to be the same age as these structures as it refolds the earlier defor-
mation bands and faults developed in the prominent sandstone unit. These structures are thought
to be associated with dextral reactivation of the BFF and, based on their similar style, associated
mineralization and kinematics are inferred to be the same age as the Group 3 structures recognized
in the Dounreay area dated as Permian by Dichiarante et al. (2016). A stress inversion analysis of
the compiled Group 3 data here (Fig. 4.14g) yields a NW-SE extension direction consistent with
structures of this age elsewhere.
4.4.4 Thurso Bay
Thurso Bay is characterized by a cyclic sequence of the Caithness Flagstone Group rocks, domi-
nated by gently NW-dipping bedding. A few major faults are shown on existing maps in the region
trending NNE to NE. The largest (the Thurso Bay Fault in Coward et al., 1989) is mapped west of
Thurso, where it juxtaposes rocks belonging to the Latheron Subgroup to the northwest against the
Mey Subgroup to the southeast; the actual fault is unexposed and runs through the beach adjacent
to Scrabster Harbour (Fig. 4.15a).
West of the beach, the best exposures in the Mey Subgroup rocks are seen in the cliffs and beach-
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level rock platforms exposed between ND 10661 69151 and ND 11372 68788 (yellow inset in
Fig. 4.15a); these are best visited at medium to low tides when sea conditions permit. Two sets of
coastal exposures are described here which are located to the west and east of the main beach in
Thurso Bay.
West of the beach at Thurso Bay, the aerial photo (Fig. 4.15a) shows that a series of NE-SW
trending structures (green lines in the inset in Fig. 4.15a) consistently offset and dextrally displace
NW-SE faults which trend parallel to the coast (orange lines in the inset in Fig. 4.15a). These
two sets of structures are also very clearly seen in the outcrops. One of the best exposures (shown
in Fig. 4.15b) occurs at ND 10886 69079, where a series of NW-SE trending faults run parallel
to the cliff. They are moderately to steeply-dipping (46◦ to 89◦) to the SE with, when preserved,
fault kinematics indicative of predominantly normal offsets. This group is, in some instances, as-
sociated with minor N-S trending faults which show small (cm) oblique sinistral displacements.
Significantly, most of these faults show little or no evidence of associated carbonate mineraliza-
tion, with pale green clay-rich gouges being the only fault rocks found associated with what are
otherwise fairly sharply-defined brittle faults (Fig. 4.15c).
The NW-SE faults are almost everywhere cross-cut by prominent NE-SW trending faults that are
moderately to steeply-dipping (45◦ to 88◦) to SE with predominantly normal or dextral-normal-
oblique offsets. Fault kinematics are widespread due to the preservation of slickenlines on exposed
fault planes and from offset local bedding surfaces (Fig. 4.15b, e). The majority of faults show
small-scale vertical displacements (decimetres to centimetres) although this is usually difficult to
quantify accurately due to the cyclicity of the Caithness Flagstone Group. The NE-SW trending
faults all are associated with intense carbonate, base metal sulphide (pyrite) mineralization, with
the local development of associated bitumen (Figs 4.15e and f); pyrite is often partially oxidized
to orange Fe-oxides. Tensile carbonate-pyrite veins are very widely developed in the wall rock
volumes surrounding the NE-SW faults and have sub-parallel strike directions (035-040◦) and
sub-vertical dips (stereonet 3 in Fig. 4.15g).
In a few instances, small NW-SE trending structures are also associated with minor amounts of
calcite mineralization and brecciation and, in these cases, are seen to mutually crosscut NE-SW
trending faults. These are interpreted as locally reactivated structures.
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Figure 4.15: (a) Aerial map of Thurso Bay and inset of the area with best exposures. (b) Cross section
view of the cliff at Thurso (ND 10886 69079) showing NW-SE trending faults (green) parallel to the cliff
and NE-SW trending faults (red) orthogonal to the cliff. (c) Cross section view of un-mineralized NW-SE
trending faults. (d) Detail of cross-cutting relationship between the two sets of structures recognized at
Thurso Bay and (e) detail of a fault plane showing oblique slickenlines and sulphide-rich fault zone with
characteristic hematite staining due to oxidation and weathering. (f) Characteristic texture of fault rock
filled with calcite and oil. (g) Equal area stereonet plots and density contour of (1) poles to bedding, (2)
poles to faults and fractures, (3) poles to veins.
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Figure 4.16: (a) Major faults on Thurso foreshore, just west of Thurso Bay (yellow stars in Fig. a). (b)
Cross section view of the western fault shown in Fig. a. (c) Detail of an en-echelon vein array showing
dextral shear in a NE-SW direction. (d) NW-SE trending fold in the area between NE-SW trending faults
formed due to the dextral shear on the faults. (e) Stress inversion (Minimized Shear Stress Variation method)
of striated faults at Thurso (west of Thurso Bay) yielding to ENE-WSW extension for Group 1 structures
(left) and NW-SE extension for Group 3 structures (right).
In the cliffs and platform that lie immediately west of Thurso bay beach, two large NE-SW trend-
ing structures are marked by big gullies (ND 11289 68843 and ND 11312 68822) (Fig. 4.16a). The
deformation here is localized into fault-confined regions ("corridors") and the faults trend between
010◦ and 048◦ and dip between 47◦ and 53◦, mainly to the SE (Fig. 4.16b). Kinematics are not
preserved on exposed fault planes, but small tensile veins in the nearby wave-cut platform show
very well-developed dextral pull-aparts and en echelon patterns consistent with dextral-normal
oblique deformation of the fault zones (Fig. 4.16c). An open fold is developed in the area between
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the two gullies/faults with a hinge plunging gently NW (Fig. 4.16d). The tensile veins trend 037◦
and 040◦ and dip steeply to both the NW and SE. The SW end of the fault zone gully is little af-
fected by tides and here, the faults are widely associated with pale grey-white sparry carbonate
(calcite), black bitumen and golden sulphide (pyrite, chalcopyrite) mineralization which is espe-
cially well developed along exposed slip surfaces and in small dilational jogs (e.g. Figs 4.16c);
faulting is clearly contemporaneous with this mineralization.
A stress inversion analysis of the structures exposed west of Thurso Bay beach shows that the
generally NW-SE normal and associated N-S sinistral faults lacking mineralization yield an ENE-
WSW extension direction consistent with these early structures being Devonian age Group 1 struc-
tures (Fig. 4.16e left). The later mainly, demonstrably cross-cutting NE-SW dextral oblique nor-
mal faults yield a NW-SE extension direction, consistent with the widespread development of
NE-SW tensile veins (Fig. 4.15g plot 3, Fig. 4.16e right). The NW plunging fold is consistent
with the dextral shear along the pair of larger NE-SW faults. Collectively, the observations here
suggest that the later structures are Group 3 structures like those recognized in other areas and the
widespread association with carbonate-base metal-bitumen mineralization is consistent with this
correlation.
A prominent "corridor"-like NE-SW fault zone occurs in the wave cut platform east of Thurso bay
(ND 13129 69611, red box in Fig. 4.15a) where it cuts gently NNW dipping strata of the Mey
Subgroup. Here the fault zones trend parallel to the contact between the wave-cut platform and
the cliff, making it possible to observe the "corridor" architecture of the fault zone in plan view
(Fig. 4.17a). It is characterized by two bounding faults: the southern fault, located in between the
cliff and wave-cut platform, is subvertical and NE-SW (057◦) trending; the northern fault is NE-
SW (050◦) trending and formed by a series of dextral stepped segments (Fig. 4.17b). Differently
oriented kinematic indicators are preserved on the southern fault plane (Fig. 4.17c): dextral-
oblique normal (pitch values of 70◦ and 40◦ on shallower fault) and dextral reverse strike-slip
(06◦ pitch value). Mineralization is seen along lineated slip-surfaces with the development of
oil-stained shear fibres of carbonate intergrown with pyrite showing well-developed steps and in
dextral pull-apart features in the platform which are filled by both sulphide and pale carbonate
mineralization (Fig. 4.17c).
A stress inversion analysis here yields a NNW-SSE regional extension vector suggesting that the
faults are Group 3 structures (Fig. 4.17e), a proposal consistent with the widespread associated de-
velopment of carbonate, base metal sulphide and bitumen mineralization. The deduced extension
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direction is also compatible with the ENE-WSW strike of the tensile veins here (Fig. 4.17d plot2).
The two preserved sets of slickenlines on the NE-SW faults seem to be kinematically compati-
ble and may reflect local partitioning of strike slip and dip-slip movements during overall dextral
oblique extensional faulting.
Figure 4.17: (a) Plan view of the fault east of Thurso Bay (ND 13129 69611) showing confined deformation
between boundary faults. (b) Dextral en-echelon calcite veins aligned E-W and dextral pull-apart that
opened in the present day direction 040◦. (c) ENE-WSW fault plane showing slickenfibre lineations (red
lines) with calcite and bitumen in dilational jogs/fiber steps. (d) Equal area stereonet plot and density
contour of (1) poles to faults and fractures, (2) poles to veins. (e) Stress inversion (Minimized Shear Stress
Variation method) of striated faults east of Thurso yielding to NW-SE extension for Group 3 structures.
4.4.5 Murkle Bay
Murkle Bay lies 5 km to the east of Thurso Bay and is formed by the erosion of a large ENE-
WSW trending fault which is obscured by a pebbly beach (Fig. 4.18a). Bedding dips are generally
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gentle (< 15◦) to the W or NW. NW-SE to NNW-SSE (between 130◦ and 157◦) trending minor
faults occur in the southern part of the bay (ND 17215 69272) (Fig. 4.18b). They dip between
32◦ and 58◦ to the NE. The maximum vertical normal displacement on these structures is larger
than 1 meter and differential block tilting is observed (see Fig. 4.18b). The fault planes are
not associated with any mineralization and whilst they are clearly normal faults, no slickenline
indicators are preserved.
Figure 4.18: (a) Aerial map of Murkle Bay showing the geology and main structures known from literature
(BGS map, 2005). (b) Panoramic view of the structures in the southern part of the bay at Murkle Bay
showing major NW-SE and (c) N-S trending faults. (d) Dextral strike slip kinematic on the N-S trending
fault panel. (e) Equal area stereonet plot and density contour of poles to faults and fractures.
Small scale N-S trending faults are locally observed in the rock platforms (Fig. 4.18c) with dextral
strike-slip kinematics observed on fault planes with pale carbonate mineralization (Fig. 4.18d).
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These N-S trending faults are observed to mutually crosscut a number of ENE-WSW trending
faults with sinistral kinematics (Figs 4.19a-d) and local pull-apart features (Fig. 4.19c). These
structures are associated with widespread carbonate and bitumen mineralization (Figs 4.19b, d)
and, in some cases, show well-developed oil seepages (Fig. 4.19c).
A stress inversion analysis of the N-S dextral and ENE-WSW sinistral normal faults yields a NW-
SE extension direction (Fig. 4.19f) compatible with these features being Group 3 structures, a
result that is also consistent with the widespread development of associated NE-SW tensile veins
and carbonate-bitumen mineralization (Fig. 4.19c). A stress inversion analysis of the NW-SE
faults was not possible due to a lack of slickenline measurements, but the absence of associated
mineralization suggests that some of these structures are Group 1 structures of Devonian age.
Figure 4.19: (a) Cross section view of ENE-WSW trending faults at Murkle Bay with bitumen. (b) Reg-
ularly spaced ENE-WSW trending veins with (c) in some instances pull-apart architecture and oil leaking
out. (d) Fault panel showing sinistral oblique kinematic. (e) Equal area stereonet plot and density contours
of poles to veins. (f) Stress inversion (Minimized Shear Stress Variation method) of striated faults at Murkle
Bay yielding NW-SE extension for Group 3 structures.
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4.4.6 Ham Bay
Ham Bay lies 4 km east of Dunnet Head, some 13 km east of Thurso and is formed by the erosion
of a large NE-SW trending fault which is obscured by a pebbly beach (Fig. 4.20a); the presence of
the fault is inferred by the lack of continuity of structures and rock types east and west of the bay.
West of Ham Bay at Towerims Craig (L1 in Fig. 4.20a), immediately east of the hinge zone of the
Ham Anticline (refer forward to where this is discussed), two NNE-SW trending faults occur in a
small bay (ND 23849 73896) (Fig. 4.20b) cutting flat-lying bedding.
Figure 4.20: (a) Aerial map of Ham Bay and Skarfskerry showing key selected localities (L1-L5). (b)
Panoramic view of Ham Bay (ND 23849 73896) showing two NNE-SSW trending faults, the rotation of
bedding in the region between these structures and the folds to the east of these structures. (c) Reddish
hematite staining along the NNE-SSW trending faults. (d) Detail of NW-SE trending folds. (e) Equal area
stereonet plot and density contours of poles to (1) faults and fractures, (2) veins and (3) folds.
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Figure 4.21: (a) Cross-section and (b) schematic diagram of E-W trending fault at Ham Bay (L2 in Fig.
4.20a). (c and d) Detail of E-W trending faults at Ham Bay showing respectively sinistral kinematics
and mutual crosscutting relation. (e) Equal area stereonet plot and density contour of (1) poles to faults
and fractures and (2) poles to veins. (f) Stress inversion (Minimized Shear Stress Variation method) of
mineralized Group 3 structures yielding NW-SE extension.
The fault planes are not exposed, but the rocks in the bay are characterized by hematite red staining
along fractures parallel to the fault trend (e.g. Fig. 4.20c). Red hematite staining is also associated
with carbonate mineralization along several coeval sinistral E-W and dextral NE-SW trending
faults in the foreshore of Ham Bay around ND 24062 73513 (Figs 4.21a-d), suggesting that these
faults have been active during the same period. The bedding between the two NNE-SSW faults
at Towerims Craig is steeper (25◦) and dipping to SE compared to adjacent zones where bedding
is sub-horizontal, suggesting that beds have been rotated clockwise due to dextral shear along
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these faults (Fig. 4.20b). The folds occurring SE of the NNE-SSW trending faults are NNW-SSE
trending (118◦ to 150◦) folds, gently plunging (3◦ to 13◦) to the NW (Fig. 4.20e plot 3). They
are kink folds in shape and their orientation is consistent with dextral shear along the NNE-SSW
faults in the bay (inset in Fig. 4.20b).
Veins at Ham Bay (ND 24062 73513) are mainly E-W and NE-SW, with a smaller number of N-S
and NW-SE trends recorded (Fig. 4.21e). The E-W veins show stretched fibrous crystals consistent
with sinistral opening while NE-SW trending veins show a more tensile to dextral opening (Figs
4.21c-d).
A stress inversion analysis of the slickenline data associated with the carbonate-mineralised E-W
sinistral and NE-SW dextral faults yields a NW-SE extension direction consistent with all these
features being Group 3 structures (Fig. 4.21f). The NNW-SSE trend of the folds associated
with the large NNE-SSW faults at Towerims Craig is consistent with dextral shear along these
structures at the same time. Tensile vein orientations recorded here are also consistent with a
NW-SE extension.
4.4.7 Skarfskerry
Skarfskerry is located 2 km east of Ham Bay (Fig. 4.20a), some 15 km east of Thurso. In the
foreshore in the region of the Haven, the Ham-Skarfskerry Subgroup beds became progressively
steeper moving towards the centre of the bay due to the presence of a large NW-SE trending
structure. Bedding on the northeastern side dips shallowly to moderately (up to 40◦) to the NE,
decreasing to more shallow dips (10-15◦) eastwards to Tang Head. On the southwest side, mod-
erate SW dips occur, flattening rapidly southwestward along the coast into a region of variable
bedding dips and open gently N to NW plunging decametre-scale folds. The erosional gully form-
ing the Haven thus appears to have formed due to preferential erosion of an anticlinal NW-SE fold
hinge, although the presence of an unexposed sub-parallel fault cannot be ruled out (Figs 4.20a
and 4.22a).
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Figure 4.22: (a) Panoramic view of Skarfskerry (ND 26041 74479) showing subvertical bedding in the cen-
tre of the bay and folded beds in the hangingwall to the thrust (red line) at the base of the cliff. Schematic
stereonet inset showing the geometry and kinematics. (b) Example of a NE-SW trending fault (ND 26030
74539) deformed and dragged along a lower angle fault plane that shows reverse kinematics and associated
small-scale folds. (c) Domino-style fault pattern on dextral oblique NE-SW trending faults. (d) Dextral
oblique kinematics observed on a NE-SW trending fault. (e) Detail of outer-arc extension veins with car-
bonate mineralization formed on a fold. (f) Equal area stereonet plot and density contour of (1) poles to
faults and fractures and (2) poles to thrusts, (3) fold hinges and axial planes and (4) pole to veins. (g) Stress
inversion (Minimized Shear Stress Variation method) of mineralized Group 3 structures yielding NW-SE
extension.
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On the eastern side of Skarfskerry Bay (ND 26041 74479), a 25 m wide zone of complex deforma-
tion occurs in the moderately NE-dipping sequence comprising a series of higher to lower angle
faults, detachments, regions of intense veining and small scale folds (order of cm to dm scale)
(Figs 4.22a, b). Partitioning of deformation is observed at a local scale in this area: regions with
dominant brittle extensional structures (high angle normal to oblique-slip faults and tensile veins)
alternate with areas where folds and local thrust faults are dominant. In the first region, NE-SW
trending faults show domino patterns where single faults show dextral sense of shear (Figs 4.22c,
d).
At the bottom of the cliff (ND 26041 74479), a well-defined NW-SE thrust/detachment (035/28)
occurs (red line in Fig. 4.22a). Its displacement is about 20 cm and it is closely associated with
folding which shows outer arc-stretching carbonate veins (Fig. 4.22e) indicating that folding and
veining are likely to be synchronous. Bedding in the footwall of the thrust faults is locally vertical
and several veins occur in these layers (Fig. 4.22a). Veins orientation is orthogonal to bedding
and fibres show dextral sense of growth along NE-SW and N-S trending faults, which mutually
crosscut.
The small-scale folds here are open to very tight and are mainly NW-SE trending (with hinge data
clustered in two sub-sets) and plunge mainly to the NW with angles between 04◦ and 40◦. The
axial planes are NW-SE to N-S trending and dip (30-40◦) to southwest and northeast, respectively
(Fig. 4.22f plot 3).
The high angle faults occurring in the cliff are not continuous into the platform and are seen to
curve into the detachment subparallel to bedding which shows reverse top-to-the-SW offset senses
(Fig. 4.22b).
Stress inversion analysis of the slickenline data associated with the carbonate-mineralised NNE-
SSW dextral faults (Fig. 4.22g) yields NW-SE extension direction consistent with these features
being Group 3 structures. The NW-SE trend of the folds could be associated with an unexposed
sub-parallel fault in the bay.
100 m to the northeast, on the E-W trending coast of the peninsula north of Skarfskerry, a series
of very well-defined NNE-SSW trending faults and veins occur cutting moderately NE-dipping
beds (Figs 4.23a-e). One of the best fault exposures (Fig. 4.23a, ND 26137 74589) shows dextral
oblique kinematics (pitch value 45◦) and well-developed fault breccia with red sediment fills and
carbonate mineralization (Fig. 4.23d). Veins and fault breccia are locally up to 20 cm thick. In
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some instances they contain large voids (Fig. 4.23b) or they are associated with bitumen (Fig.
4.23e). Samples SK3 and SK4 were collected from these faults (locations ND 26135 74584 and
ND 26103 74595 and Figs 4.23c and 4.23e, respectively) and reveal a complex fracture-filling
sequence. SK3 is a fault breccia with angular clasts of sandstone and crystalline calcite set in a
matrix of fine hematite-stained red sediment and/or pale carbonate cement all of which are cross
cut by later calcite filled tensile veins (Figs 4.23h, i). The red sediment fills very closely resemble
those described from the Durness region by Wilson et al. (2010) where they are inferred to be
Permian in age. Sample SK4 shows early oil-stained carbonate fills brecciated and cemented
by younger pale carbonate which is in turn cross cut by still younger carbonate tensile veins (Fig.
4.22j). The oil stained calcite is widely zoned and contains numerous tiny oil-filled fluid inclusions
(Fig. 4.22k) which imparts the dark brown colouration, implying that the crystallization of calcite
and the influx of oil are contemporaneous.
The small-scale folds associated with these sediment filled mineralized fractures are mainly NW-
SE trending (between 280◦-312◦) and plunge to NW with angles between 04◦ and 15◦. The axial
planes are NW-SE trending and dip (20-35◦) to south (Fig. 4.23f). Stress inversion analysis of the
slickenline data associated with the carbonate-mineralised NNE-SSW dextral faults (Fig. 4.22g)
yields a NW-SE extension direction consistent with these features being Group 3 structures.
A short distance southwest of Skarfskerry bay (ND 25982 74439), a small-scale (decimetre) du-
plex structure occurs along a moderately SW-dipping bedding-parallel detachment (Figs 4.24a-b).
The association of complex fold arrays associated with bedding-parallel detachment zones has
been widely observed in Orkney and other parts of Caithness such as Sarclet Point (Wilson et al.,
1935; Hippler, 1989 and Enfield, 1988). Enfield (1988) suggested that these structures formed due
to gravity-driven movements occurring early on in the structural history in weakly lithified sed-
iments and that they can locally show both extensional and contractional geometries. The folds
SW of Skarfskerry are characteristically confined between two bedding-parallel faults and the slip
occurs along clay-rich surfaces. Clay gouge injections are widely associated with these slip sur-
Figure 4.23 (preceding page): (a) NNE-SSW trending faults and (b-e) NNE-SSW trending veins at Ham
Bay (L4 in Fig. 4.20a). (c) Fault rocks consisting of carbonate mineralization and red sedimentary infill. (d)
Dextral oblique lineations on the NNE-SSW fault plane in Fig. a. (f) Equal area stereonet plot and density
contour of (1) poles to bedding, (2) poles to faults and fractures and (3) axial planes and fold hinges. (g)
Stress inversion (Minimized Shear Stress Variation method) of mineralized Group 3 structures yielded to
NW-SE extension. (h-k) Representative thin-section photographs of fault rocks of Group 3 structures. (h)
Thin-section and (i) microphotograph of the fault breccia in Fig. c (ND 26135 74584). (j) Thin-section and
(k) microphotograph of the vein occurring in Fig. e showing the intergrowth of calcite and oil.
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faces (Fig. 4.24c) and are locally injected across the folded bedding (Fig. 4.24d). The dominant
vergence of the folds is to the WNW.
Figure 4.24: (a) Oblique view and (b) plan view of parallel bedding structures at Skarfskerry (ND 25982
74439) and (c, d) detail of slip surfaces along clay-rich levels and detail of clay injection. (e) Equal area
stereonet plots and density contours of (1) poles to bedding and (2) poles to faults and fractures, and lin-
eations.
1.4 km west-southwest of Skarfskerry and 0.8 km east of Ham Bay, a locally intense area of
deformation occurs cutting an otherwise gently E-dipping sequence of Devonian strata (L5 in Fig.
4.20a). The deformation zone is bounded by two N-S trending faults and is 3 m wide (Fig. 4.25a).
The bounding faults dip 75◦ to the west. In the deformation zone a series of NW-SE trending,
open to tight cm to dm-scale folds suggest that beds have been rotated clockwise due to dextral
shear along the bounding faults. This is also supported by the occurrence of NE-SW trending
carbonate and bitumen veins (< 5 mm) (Figs 4.25c-d) and dextral displacement along small scale
NNE-SSW trending faults in the deformation zone (Fig. 4.25e). Immediately to the west of this
deformation zone, a 3 m wide area of NNW-SSE trending, WSW-verging open to close folds is
also observed (Fig. 4.25b) with flexural slip in ENE-WSW direction (Fig. 4.25f). Also, three
further N-S trending, steeply-dipping fault planes are associated with these folds (Fig. 4.25g).
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4.4.7.1 Skarfskerry – a synthesis
The occurrence of normal faults, veins, detachments and small bedding parallel detachment/folds
reflects the complex deformation patterns observed at Skarfskerry and adjacent areas.
Faults and veins trending NE-SW to NNE-SSW are widespread in the rocks in the east side of
the Skarfskerry. They show dextral oblique kinematics showing domino patterns (Fig. 4.22c).
They are characteristically associated with carbonate mineralization (± bitumen) (e.g. Figs 4.22d
and 4.23e). Also a thick fault breccia with red sediment fills together with carbonate and bitumen
mineralization occurs (Fig. 4.23c). NE-SW faults are not always continuous along strike and
some link upwards or downwards into detachment faults (e.g. Fig. 4.22b). These structures are
interpreted to be Group 3 structures of Permian age based on the similarity of style, associated
mineralization and kinematics to the Group 3 structures recognized elsewhere (Figs 4.26a-b).
Stress inversion analyses of the slickenline data associated with the carbonate-bitumen mineralised
NNE-SSW and NE-SW dextral faults was carried both for the single localities, L3 and L4 (Figs
4.26c and 4.26d, respectively) and also for the entire area of Skarfskerry (Fig. 4.26e). Both
analyses yield NW-SE extension direction consistent with these features being Group 3 structures.
The earliest structures recognized are small bedding-parallel detachments and associated small
scale folds which are spatially restricted to the region a few tens of metres east of Skarfskerry Bay
(Fig. 4.24a). They are characteristically associated with a pale grey gouge. Other mineralization
is absent. These structures are interpreted to be Group 1 structures of Devonian age (or earlier).
No kinematic indicators were found associated with these structures preventing a stress inversion
analysis.
Centimeter- to decameter-scale NW-SE trending folds are found in the region close to the region
of detachment faults (mainly on the eastern side in Figs 4.22a-b). I believe that these structures
are possibly Group 2 structures formed during E-W compression and sinistral transpression along
an unexposed NW-SE fault in Skarfskerry Bay and that they have then been further tightened
by later sinistral shear along the same fault. The carbonate mineralization observed in the fold
Figure 4.25 (preceding page): (a) Oblique view of the 3 m wide N-S trending deformation zone at Ham (L5
in Fig. 4.20). (b) Oblique view of the fold occurring east of the deformation zone. (c-d) Detail of NE-SW
trending veins with carbonate mineralization and bitumen respectively, occurring in the deformation zone.
(e) Dextral displacement observed on a N-S trending plane in the deformation zone and (f) E-W lineations
created by flexural slip associated with folding. (g) Equal area stereonet plots and density contour of (1)
poles to bedding and (2) poles to faults and fractures and (3) axial planes and fold hinges
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hinges of these folds implies that the reactivation and tightening of some of these structures was
synchronous with the development of the Group 3 structures (Fig. 4.26c).
Figure 4.26: Equal area stereonet plot and density contour of (a) Group 3 faults, fractures (red) and thrust
(blue). (b) Equal area stereonet plot of hinges and axial planes with density contours of fold hinges. Stress
inversion results for Group 3 structures in (c) location L3, (d) location L4 and (e) all Skarfskerry locations
yielded NW-SE extension.
4.4.8 St. John’s Point
At St. John’s Point the dominant large-scale structures are ENE-WSW trending sub-vertical faults
(Fig. 4.27a) cutting a gently NE dipping sequence of Mey Subgroup strata. The faults continue
both to the west across the coastal platform and to the northeast trending towards Stroma Island
(ND 31085 75101) as they are clearly imaged offshore in the bathymetric images (Fig. 4.5b),
together with other N-S trending structures.
Folds are locally well developed at St. John’s Point (Fig. 4.27b) in a corridor bounded by the
two large ENE-WSW faults (see locations in Fig. 4.27a). In the northern part of the outcrop, they
are open and symmetric (Fig. 4.27b), while in the southern part they are tighter, asymmetric and
moderately inclined to north (Fig. 4.27d). The fold hinges trend generally WNW-ESE and mostly
plunge shallowly ESE (Figs 4.27b, f). The associated ENE trending faults dip mainly to the NNW
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(Fig. 4.27f plot 1), with well-defined slickenlines giving sinistral senses of shear along the fault
planes (pitch values between 3◦ and 27◦) (Fig. 4.27c).
Thin tensile carbonate veins trend NNE to NE (025◦ to 064◦) and mainly dip to south, between
57◦ and vertical (Fig. 4.27f plot 3). In the most developed instances, euhedral crystals suggest
vuggy infills (Fig. 4.27e).
A stress inversion analysis of the slickenline data associated with the mineralized ENE-WSW
sinistral faults yields a NW-SE extension direction consistent once again with these features being
Group 3 structures (Fig. 4.27g). N-S structures observed in the wave-cut platform and in the
bathymetry are believed to be Group 1 structures dextrally reactivated during NW-SE extension.
The preservation of NE-SW tensile veins is also consistent with NW-SE extension. The unusual
WNW-ESE orientation of the folds suggests that they are also Group 3 structures that are locally
controlled by sinistral strike-slip kinematics along the ENE-WSW fault planes. A Group 2 origin
with folds associated with E-W compression seems unlikely since this would be expected to lead
dextral shear along ENE faults that very clearly bound the zone of folding.
4.4.9 Ness of Huna
Ness of Huna is located 5.4 km southeast of St. John’s Point and 25.6 km east of Thurso (Fig.
4.2c). Published geological maps (e.g. BGS, 1985c) document an inferred NW-SE trending fault
which juxtaposes the older Mey Subgroup in its footwall to the SW against the younger John
o’Groats Sandstones Group in the hangingwall to the NE (Fig. 4.28a). Bedding dips either side
of the fault are gentle and to the ENE. The dominant structures observed in aerial photos and
in field are N-S and NW-SE trending faults (inset in Fig. 4.28a) together with two prominent
ENE–WSW trending lineaments were observed during aerial photo analysis and during fieldwork
on the platform in the western part of the outcrop (Fig. 4.28b). The latter structures are the only
features in the area associated with carbonate mineralization (Fig. 4.28c). The similarity in their
Figure 4.27 (preceding page): (a) Aerial Map of St. John’s Point showing the major lineament/faults and
the field location. (b) S-N cross section view of the outcrop at St. John’s Point showing WNW-ESE trending
folds and associated ENE-WSW trending faults (ND 31085 75101). (c) Oblique view of a WNW-ESE
trending fault showing sinistral strike-slip lineations and (d) cross section view of a WNW-ENE trending
fold. (e) Euhedral calcite crystals on a NE-SW trending fault. (f) Equal area stereonet plots and density
contours of (1) poles to fault and fractures, (2) fold hinges and axial planes and (3) poles to veins. (g) Stress
inversion (Minimized Shear Stress Variation method) of mineralized Group 3 structures yielding NW-SE
extension.
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orientation and associated mineralization with structures seen elsewhere, suggests that they are
Group 3 structures.
Figure 4.28: Aerial Map of Ness of Huna showing the geology and the major faults. The inset shows the
interpreted lineaments/faults observed in aerial photos and during fieldwork. (b) ENE-WSW trending fault
and (c) veins. (d-e) Example of NW-SE and N-S trending faults showing no associated mineralization. (f)
Ochre-coloured fault rocks. (g) Equal area stereonet plots and density contours of (1) poles to fault and
fractures and (2) poles to veins.
The N-S faults (e.g. Fig. 4.28e) mainly trend between 186◦ and 198◦ and dip between 70◦ and
vertical, while the NW-SE faults (e.g. Fig. 4.28d) trend between 128◦ and 162◦ and dip between
70◦ and vertical (Fig. 4.28g). No kinematic indicators are preserved on exposed fault planes but
normal sense movements were inferred using fault drag in the hangingwall of the larger NW-SE
faults (e.g. Fig. 4.28d). These structures are not associated with any mineralization. An ochre-
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coloured discolouration of the rocks close to the faults is observed associated with the N-S trending
faults (Fig. 4.28f).
The N-S and NW-SE trending structures that lack associated mineralization are highly represen-
tative of the John o’Groats – Duncansby Head area. Whilst it has not been possible to carry
out a stress inversion analysis here, I suggest that the similarity of these structures with Group 1
structures is striking. This is consistent with the general absence of associated carbonate-pyrite-
bitumen mineralization, with the exception of the two ENE-WSW-trending structures in the west
of the area, which show similarity with those seen at St. John’s Point (Group 3 structures).
4.4.10 Thirle Door
Thirle Door is a bay occurring in the N-S trending coast in the most eastern part of Caithness, 20
km east of Dunnet Head and 9.5 km ESE of St. John’s Point (Fig. 4.2c). Existing geological map
(e.g. BGS, 1985c, sheet 116E) document a major fault trending NW-SE and dipping to SW which
juxtaposes the Mey subgroup formation it the footwall to the John o’Groat Sandstones Group in
the hangingwall (Fig. 4.29a). The downthrow displacement of the fault is 3.5 m (Foster, 1972 in
Dineley & Metcalf, 1999). The fault form a strong valley lineament in the aerial photos and it was
only inferred in field from a distance because of the unaccessible platform (Fig. 4.29b).
In the hanging-wall of the main fault, in the more accessible bay of Thirle Door, two NW-SE
trending faults, with a vertical displacement of about 20 cm have been observed (e.g. Fig. 4.29c);
these develop centimetre thick zones of deformation in both the hangingwall and footwall domi-
nated by tensile fractures. These faults are not associated with any mineralisation (e.g. Fig. 4.29c).
Three E-W and two NE-SW trending faults occur 300 m SW of the previous fault (Figs 4.29d-c).
The vertical displacement along these faults is few cm. Kinematics indicators were not observed
on these structures, although apparent reverse displacement on NE-SW trending faults suggests
sinistral sense of shear.
Once again no mineralization is associated with these faults and in the most developed instances
fault rocks consists of dark red fault gouge of local derivation (e.g. Fig. 4.29e). Although it has not
been possible to carry out a stress inversion analysis here for the lack of kinematics indicators, the
orientation of major normal faults and the general absence of associated carbonate-pyrite-bitumen
mineralizations shows similarity with Group 1 structures observed elsewhere.
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Figure 4.29: (a) Aerial Map of Thirle Door showing the geology and the major fault. (b) Panoramic view
in direction NE-SW of the major NW-SE trending fault recognized at Thirle Door. (c) Cross section view
of a NW-SE trending faults occurring southwest of the major fault showing 20 cm of vertical displacement
and un-mineralized fault plane. (d) Oblique view of NE-SW and E-W trending faults and (e) detail of the
red fault gouge associated with N-S trending fault. (f) Equal area stereonet plots and density contours of
(1) poles to bedding and (2) poles to faults and fractures.
Group 3 structures and their associated mineralization have not been recognized in this location.
4.4.11 Dunnet Head -The Brough Fault
The Brough Fault (BF) is the main regional fault in the Caithness area (Fig. 4.2c and Fig. 4.30a)
and is well known from the literature (e.g. Crampton, 2010; Seranne, 1992; Enfield, 1988; Coward
et al., 1989; Trewin & Hurst, 2009). It juxtaposes the Middle Devonian Ham-Skarfskerry Sub-
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group (Givetian) located to the east, against the Upper Devonian Dunnet Head Sandstone Group
(Frasian) to the west. The fault core is unexposed. It has been described as both a westerly-dipping
normal fault (e.g. BGS, 1985b) and as an easterly-dipping reverse fault (e.g. Coward et al., 1989).
The magnitude of movement along the Brough Fault is uncertain, although it is likely to be sig-
nificant (e.g. hundreds of metres) given the observed map-scale stratigraphic offset. It is also
associated with a large regional-scale open N-S antiform (the Ham Anticline; BGS, 1985b) lo-
cated in its hangingwall and a westerly overturned synform in its immediate footwall in The Clett
(NIREX, 1994c). The Brough Fault is also widely viewed as being the southern continuation of
the Brims-Risa Fault on Hoy, Orkney (e.g. Enfield, 1988; Coward et al., 1989; Seranne, 1992).
In the cliffs to the E of the Brough Fault trace, bedding dips are variable due to local folding and
faulting, but are generally shallow to moderate W dipping. Small-scale WNW-verging folds trend
NNE-SSW and gently (02◦ to 17◦) plunge to SSW (Figs 4.30c-d). Axial planes trend N-S to NNE-
SSW and both dip 83◦ to E (Fig. 4.30e plot3). These folds are locally cross-cut by moderately to
steeply dipping dextral oblique normal to dextral strike slip faults trending N-S to NE-SW. Faults
trend between 000◦ and 040◦ and dip between 44◦ and 85◦ (stereonet in Fig. 4.30e). These faults
are associated with small amount of calcite mineralization and, in some cases, with small amounts
of hematite staining.
On the wave-cut platform west of the Brough Fault, bedding in the Dunnet Head Sandstones is
generally steeply dipping to sub-vertical and strikes sub-parallel to the Brough fault trace (Figs
4.30a, b). This contrasts with the shallower westerly dips of the same rocks in the cliffs to the
west and reflects large-scale fault drag against the Brough Fault (Trewin, 1993). During low tides
it is possible to observe a number of moderately to steeply plunging, metre to tens of metre-
scale, open to tight N-S trending Z folds (003◦) (Fig. 4.30b). These folds in the platform are
consistently southward facing based on sedimentary way up criteria such as cross laminations
preserved in the deformed Dunnet Head Sandstones, with local upward and downward facing
along axial planes due to the variable fold plunges and the moderately curvilinear nature of the
associated fold hinges (cf. folds described from the Southern Uplands terrane by Holdsworth
et al. (2002). The general steep plunges, Z-vergence and south facing direction of these folds
are consistent with a dextral sense of shear on the adjacent Brough Fault. Intense deformation
and fracturing largely obscures bedding and makes recognition of coherent small-scale structures
difficult in the sandstones forming The Clett which lie close to the Brough Fault.
A stress inversion analysis of slickenlines associated with the carbonate-mineralised N-S and
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NNE-SSW dextral oblique slip faults yields a NW-SE extension direction consistent with these
features being Group 3 structures (Fig. 4.30f). The N-S trending, steeply plunging Z-folds found
in the Dunnet Head Sandstones are consistent with Group 3 age dextral strike-slip shear along the
NNE-SSW Brough Fault under such a regional stress regime.
Significantly, a previously unrecognised small volcanic vent measuring 5 x 2 m2 occurs in the
wave cut platform close to the steeply plunging Z folds (Figs 4.30b, 4.30h). It is elongated N-S
subparallel to the axial surfaces of the adjacent folds and contains angular to sub-rounded clasts
of green mafic volcanic rock and country rock sandstones set in a carbonate-rich matrix (Fig.
4.30i). The relative timing of the vent relative to the folding is ambiguous, but a well exposed
southern contact with country rock Dunnet Head Sandstones is offset by a series of small NNE-
SSW-trending faults with apparent dextral displacements of a few centimetres. This suggests that
the vent is at least in part post-dated by local Group 3 age fault movements. A much larger and
somewhat similar vent breccia occurs inland in the Burn of Sinnigeo stream some 300 m to the
NNW (ND 21778 74628, Fig. 4.30a). Although its contacts with the adjacent Dunnet Head
Sandstones are not exposed, this vent is believed to be Permian in age. An ENE-WSW subvertical
monchiquite dyke also occurs in the coastal cliffs still further to the north at ND 21589 75506
(Fig. 4.30a; BGS, 1985b).
The N-S to NE-SW folds found east of the Brough Fault are more difficult to explain in terms
of dextral shear during NW-SE rifting. A clue to the origin of these folds comes from the de-
velopment of a whole series of similarly trending folds seen in the W-dipping strata in the cliffs
from Brough Harbour eastwards to the hinge zone of the Ham anticline (Fig. 4.20a) where they
seem to die out. A large dm-scale, W-verging fold pair is accessible on the coast at Langypo (ND
22924 74077; Fig. 4.31a). The sub-horizontal to gently N or S plunging folds have moderately to
steeply E-dipping axial planes and are not associated with any form of mineralization (Fig. 4.30b).
They are stylistically very similar to the Group 2 folds at the Brims Ness Chapel except that they
Figure 4.30 (preceding page): (a) Location map of the Brough Fault (BF) at Dunnet Head at locality
named The Clett with schematic geological map (Enfield, 1988, redrawn). (b) Oblique view of the platform
east of The Clett showing folds developed in the platform and a displaced volcanic vent (outlined in green).
(c, d) NE-SW cross-section view of the Brough Fault Zone showing well-developed inversion structures
at the hangingwall and footwall of major fault planes. (e) Equal area stereonet plot and density contour
of (1) poles to bedding, (2) poles to faults and fractures, (3) fold hinges and axial planes and (4) poles
to veins. (f) Stress inversion result (Minimized Shear Stress Variation method) of mineralized Group 3
structures yielding NW-SE extension. (g) Simplified schematic representation of the fault zone formation.
(h) Oblique view of the displaced volcanic vent shown in Fig. 4.22a and (i) close up of the fault breccia
with clasts of volcanic rocks and sandstones.
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verge in the opposite direction and therefore seem most likely to be related to E-W compressional
deformation.
Figure 4.31: (a) Folds occurring at Langypo (ND 22924 74077); (b) Equal area stereonet plot and density
contour of (1) poles to bedding and (2) fold hinges and axial planes.
Based on the evidence preserved in Brough Harbour and in the rocks exposed eastwards up to
and including the Ham Anticline, it is suggested that the Brough Fault was initially developed as
a basin or sub-basin controlling Group 1 normal fault during the Devonian (Fig. 4.30g i). The
direction of dip and therefore the relative sense of downthrow along this precursor structure is
unknown, although in Figure 4.30 it is assumed to be ESE in common with other large Devonian-
age faults in Caithness with this trend (e.g. Kirtomy, Strathy, Bridge of Forss). Although there
is no unequivocal evidence for this Devonian event preserved, the development of N-S to NNE-
SSW trending, W-verging Group 2 folds east of the fault is consistent with E-W compression and
substantial inversion along this pre-existing structure in Permo-Carboniferous times (Figs 4.30g ii-
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iii). It is worth noting that the Ham Anticline is the single largest Group 2 fold found in Caithness.
The Brough Fault was then reactivated again as a dextral strike slip Group 3 structure, presumably
during Permian times (Fig. 4.30g iv); this event may have overlapped with the development of
local volcanic vents and ENE-WSW dyke emplacement. The magnitude of the dextral offset is
uncertain, but may be significant in regional terms given the substantial amount of cataclasis and
brecciation seen immediately adjacent to the Brough Fault in The Clett and the development of
the large drag fold and meso-scale Z folds in the Dunnet Head Sandstones to the west.
The continuation of the Brough Fault in Hoy has been documented by several authors (e.g. Wilson
et al., 1935; Enfield & Coward, 1987). The Dunnet Head and Hoy Sandstones (Upper ORS) are
similar in character being dominantly fluviatile, deposited by braided streams with considerable
evidence of aeolian influence. However, whilst in Caithness the Brough Fault juxtaposes the Upper
ORS against the Middle ORS, in Hoy the base of the Upper ORS is marked by an erosion surface
and up to 15 m of tuffs and tuffaceous sandstone and an alkali basalt flow (Parnell, 1985) resting
directly on Lower Stromness Flags. It has therefore inferred here that 2 km or more of Middle
ORS was rapidly eroded in this area in late Givetian times. It is unknown whether an equivalent
period of erosion occurred in the Caithness region.
4.5 Selected field observations from Orkney
The major structures preserved in Orkney are quite well known in both the literature (e.g. Wilson
et al., 1935; Coward et al., 1989; Coward & Enfield, 1987; Hippler, 1993) and from PhD thesis
work (e.g. Hippler, 1989; Enfield, 1988). The Scapa Fault System is formed by two orthogonal
steeply-dipping structures: the generally N-S-trending East Scapa Fault running from St. Mary’s
to Scapa Bay and the ENE-WSW North Scapa Fault that runs from Scapa Bay to Swanbister Bay
(Fig. 4.32a). The intersection between the two faults just inland from Scapa Bay is unexposed in
the field.
A number of major, km-scale folds are developed in the Devonian rocks of Orkney. A major
anticline trending N-S to NNW-SSE occurs on the mainland (West Mainland Anticline) and small
scale (dm to m) folds and associated thrusts occur in several locations in the mainland of Orkney
on the north and south coast (e.g. St. Mary’s, Birsay, Whitaloo, Oyce, Fig. 4.32a). In general, N-S
trending folds and associated thrusts/reverse faults are far more widespread in Orkney compared
to Caithness.
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Figure 4.32: (a) Aerial images of Orkney mainland showing the geology, major structures (faults and folds)
and field localities. (b) Summary diagram showing major fault activity in Orkney during the Orcadian Basin
evolution (redrawn from Hippler (1989)).
Hippler, 1989 carried out the most detailed structural study of some of the best exposures on the
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mainland and microstructural analysis of the associated fault rocks (Fig. 4.32b i-iv). The earliest
deformation events were associated with the development of linked low-angle faults and complex
associated detachment folds found mainly on the north coast of the Orkney mainland broadly
synchronous with the deposition of the Middle Devonian strata in the region (Fig. 4.32b i). Hippler
(1989) suggests that both faults of the Scapa Fault System were initially active and influenced the
deposition of the youngest Middle to Upper Old Red Sandstones. The E-W trending North Scapa
Fault acted as normal syn-sedimentary fault (during local NNW-SSE extension) while the nearby
N-S segment of the East Scapa Fault underwent to sinistral transtension (Fig. 4.32b ii). Wilson
et al. (1935) documented that in Hoy, a branch of the North Scapa Fault, which juxtaposes the
top of the Rousay Flagstones against the Stromness Flagstones (with ca. 1-5 to 2 km of throw)
does not cut the sub-Upper ORS unconformity, supporting the theory of an early activity of the
North Scapa Fault. During the Carboniferous (just after the Stromness Flagstones reached the
oil window), inversion of the Orcadian Basin occurred forming the many N-S-trending folds and
thrusts recognised across the Orkney Islands. The E-W North Scapa fault was reactivated as a
sinistral oblique fault while the N-S East Scapa fault underwent reverse reactivation (Fig. 4.32b
iii). A still later transtensional event occurred after the regional swarm of Permo-Carboniferous
dykes were emplaced, and this led to the reactivation of the N-S East Scapa Fault as dextral oblique
structure (Fig. 4.32b iv).
The following section does not provide a full investigation of the geology of Orkney as this is
beyond the scope of the current project, but field observations are reported from a selection of key
localities to highlight some of the similarities with the studied areas in Caithness: these are St.
Mary’s, Crow Taing, Point of the Baits, Birsay and Whitaloo (Fig. 4.32a).
4.5.1 St. Mary’s – Crow Taing
St. Mary’s is located in the southern part of the Orkney Mainland, 10 km south of Kirkwall and
8 km south of Scapa Bay (Fig. 4.32a). The rocks in outcrop belong to the Stromness Flagstones,
part of the Middle Old Red Sandstone sequence in Orkney (Fig. 4.3). The outcrops discussed
here occur in the bay of St. Mary’s (HY 47262 01237) and along the Bay of Ayre and Bay of
Sandber (Fig. 4.33a). West of the latter two bays, the coastline swings round into a more northerly
trend and intercepts the East Scapa Fault at Crow Taing (HY 46300 01100, Fig. 4.33a). The East
Scapa Fault, which is exposed in the coastal cliff (Fig. 4.33b), juxtaposes the older and relatively
undeformed Eday Group Formation in the footwall against the younger Rousay Flagstones in the
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hangingwall (Fig. 4.33a). It has been also already documented that the overall geometry of the
fault zone suggests reverse displacement (Hippler, 1989).
4.5.1.1 Crow Taing
At Crow Taing, the Eday Group Formation in the footwall of the East Scapa fault gently dips
(23◦) to the NE while the bedding of the Rousay Flagstones is steeper (80◦) to the NE, suggesting
reverse kinematics at some point in the fault history.
The 9 m wide deformation zone in the hangingwall of the fault is characterized by different types
of fault rocks and associated folds: large blocks of cemented fault breccia occurs between two
regions of very fine organic- and clay-rich gouge which show a pervasive fabric subparallel to the
main fault plane (Fig. 4.33b). A shallow normal fault cut across the regions and seems to normally
displace a cemented breccia region (yellow in Fig. 4.33b) suggesting that normal movements
overprinted reverse kinematics.
Movement indicators (i.e. slickenlines, grooves) on the main fault and on a number of second
order/subsidiary faults within its hangingwall have been used to infer the overall movement and
kinematics of the fault. The main fault trends between 000◦ and 005◦ and it dips between 68◦ and
78◦ east. Striated minor faults have variable trends (002◦ to 055◦) and dip between 56◦ and 88◦
east. They show reverse kinematics (78◦ to 90◦ pitch) and normal oblique (dextral) kinematics
(pitches between 35◦ and 65◦) (Figs 4.33c-d). Relative overprinting of these two kinematics was
not directly observed.
In the blocks of cemented fault breccia in the hangingwall of the fault (Fig. 4.33b) normally
displaced clasts occur (Fig. 4.33e). Thin carbonate veins cross cut at high angle the slip surfaces
developed in the fault breccia and flexural slip lineations associated with NW-SE trending folds
plunging (26◦) to southeast (Fig. 4.33f) .
Southeast of the East Scapa Fault (HY 46327 01087), NW-SE trending chevron folds with flexural
slip lineations parallel to the fold hinge occur (Fig. 4.33g and h). Lineations are associated with
carbonate mineralization (Fig. 4.33h) and plunge 50◦ to the SE (Fig. 4.33j plot 2). 5 meters
to the east, in the hangingwall of the East Scapa Fault, an explosive breccia made up of angular
clasts with extensive carbonate veining, occurs (Fig. 4.33i). An earlier generation of quartz (?)
mineralization is also observed.
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Figure 4.33: (a) Map of St. Mary’s – Crow Taing area showing geology and field localities. (b) Cross
section view of the North Scapa Fault at Crow Taing (HY 46300 01100) showing the intense deformation in
the hangingwall of the main fault plane. (c-d) Dextral oblique and reverse kinematics observed on the main
fault plane. (e) Normally displaced clasts in the hangingwall of the main fault. (f) Lineations formed by
flexural slip associated with NW-SE trending folds and thin NE-SW trending veins. (g) NW-SW trending
chevron folds, south of the East Scapa Fault (HY 46327 01087) showing parallel hinge lineations. (i)
Carbonate cemented breccia occurring in the hangingwall to the fault. (j) Equal area stereonet plot and
density contour of (1) poles to faults and fractures, (2) hinges, axial planes and associated fold lineations
and (3) poles to veins. (k) Stress inversion result (Minimized Shear Stress Variation method) for reverse
Group 2 structures (top) yielding E-W directed compression and mineralized Group 3 structures (bottom)
yielding NW-SE directed extension.
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Figure 4.34: Panoramic view of the chevron folds developed (a) in the platform at St. Mary’s (HY 46509
00729) and (b) on the cliff. (c) Folds and detachments on the low cliff north of the Bay of Ayre (HY 47262
01237). (d) N-S and NE-SW cross-cutting veins showing respectively dextral hybrid and tensile opening
(HY 47159 00674). (e) Equal area stereonet plot and density contours of (1) poles to bedding, (2) fold
hinges and axial planes, (3) poles to veins and (4) poles to thrust planes and (5) faults and fractures.
The intense deformation zone in the hangingwall of the East Scapa Fault at Crow Taing suggests
at least two episodes of deformation: (i) the reverse kinematics observed on the main fault plane is
indicative of an early episode of reverse displacement. The clay gouge which defines the foliation
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sub-parallel to the fault was most likely created during this deformation event. (ii) The normal
sense offsets of cemented breccia blocks and clasts between areas of very fine clay- and organic-
rich gouge and the associated mineralization are indicative of a later stage of faulting.
A stress inversion analysis of the slickenlines associated with the N-S and NNE-SSW reverse to
dextral faults is also consistent with two episodes of deformation of the fault zone. Earlier re-
verse fault displacement yields E-W compression direction (Fig. 4.33k left) while normal oblique
kinematics are consistent with this fault being reactivated as Group 3 structure during NW-SE ex-
tension (Fig. 4.33k right). The NW-SE trending folds could plausibly be related to dextral shear
along the East Scapa Fault, and this is also supported by the mineralization and fold lineations in
proximity to the East Scapa Fault (Figs 4.33g-h).
4.5.1.2 Bay of Sandber - Bay of Ayre
The rocks in outcrop at Bay of Ayre belong to the Rousay Flagstones which are generally sub-
horizontal to gently dipping (07◦-08◦) to the NW. However, the region between St. Mary’s and
Crow Taing is dominated by small to medium scale (dm to m) folds which, in the platform are
better exposed at low tide. These are mostly asymmetric chevron or box geometry style folds with
vertical or sub-vertical axial planes (Figs 4.34a-b). Small displacement thrusts are associated with
the folds the hinges of which are mainly N-S to NNW-SSE trending (Fig. 4.34e; note that this is
also apparent from the girdle distribution of the poles to bedding) and a majority are overturned
WSW. In the Bay of Ayre, a well exposed set of low angle faults are associated with examples of
this fold set (Fig. 4.34c). Measured displacement on one of these detachments is 25 cm.
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Figure 4.35: (a) E-W and (b) N-S view of the outcrops at Hesti Geo showing a N-S trending dyke (HY
46456 00850), N-S and NW-SE trending faults and N-S trending folds. (c) Carbonate vein cutting across
the folds (d) veins sub-parallel to the strike of a N-S trending thrust. (e-f) Tensile carbonate veins occurring
(e) at the contact between the dyke and the host rock and (f) in the dyke. (g) Equal area stereonet plot and
density contours of (1) poles to veins, (2) poles to faults and fractures, (3) poles to thrust planes and (4) fold
hinges and axial planes.
Carbonate veins are sporadically preserved associated with the low angle detachments and folds.
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Veins occurring in the wave-cut platform are N-S to NE-SW trending with generally steep to sub-
vertical dips showing dextral and tensile opening behaviour and mutual cross-cutting relationships
(Fig. 4.34d).
Not for the first time (e.g. Brims Ness), it is difficult to ascertain with certainty the origin of these
folds. The N-S trending folds, which are subparallel to the East Scapa, are plausibly related to
E-W compression, similar to those observed at Brims Ness, associated with Group 2 structures as
pointed out also by Hippler (1989). The N-S and NE-SW trending carbonate veins, however, are
more consistent with dextral shear along the East Scapa Fault during NW-SE extension.
4.5.1.3 Hesti Geo
Hesti Geo is located 280 m southeast of Crow Taing and 8.2 km southeast of Scapa Bay (Fig.
4.33a, HY 46443 00862) and rocks in outcrop here belong to the Rousay Flagstones and the
bedding is in general gently (13-25◦) dipping to the SE. Here N-S to NNW-SSW trending folds and
thrusts occur in the cliff on the southwest side of the bay. A poorly preserved and not previously
mapped N-S (170◦) trending dyke also crops out on the east side of the bay, in the platform at the
foot of the cliff (HY 46456 00850, Figs 4.35a-b).
N-S trending carbonate veins cut N-S trending folds (Fig. 4.35c) and also occur in the hangingwall
of a N-S trending thrust, trending subparallel to the thrust plane and to the bedding (Fig. 4.35d).
In the cliff close to the dyke, folds are cut by E-W trending faults, which terminate at the dyke
contact. It is not possible to say conclusively if the dyke cuts these structures because of a lack
of outcrop continuity west of the dyke (Fig. 4.35a). Intense carbonate mineralization is observed
along the dyke wall and cross-cutting at high angles to the dyke margins. Specifically, thin (< 5
mm) E-W tensile veins cut the dyke and both tensile and hybrid veins are observed along the N-S
dyke margins (Figs 4.35e-f).
The crosscutting relationships and associated mineralization at Hesti Geo support the idea that
folds have been generated during two episodes of deformation. Veins overprint folds, but carbon-
ate mineralization is also observed associated with the N-S trending thrust suggesting that N-S
folds and thrusts possibly started as Group 2 structures that have then been locally reactivated
dextrally leading to the later formation of NW-SE trending folds.
The dyke at Hesti Geo is oriented sub-parallel to the East Scapa Fault while the other dykes ob-
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served in both Caithness (e.g. Castletown) and Orkney (e.g. Birsay in next section) are oriented
mostly ENE-WSW. This suggests that the East Scapa Fault acted as a pre-existing structure/weak-
ness that controlled local dyke orientations and then underwent reactivation at the time of dyke
emplacement and associated mineralization.
4.5.2 Point of the Baits
At Point of the Baits (HY 43624 08810), west of Scapa Bay, the North Scapa Fault intersects the
coast (Fig. 4.32a). Rocks in outcrop here belong to the Eday Group and are generally subhorizon-
tal. The fault planes trend 075◦ and dip between 78◦ to 85◦ to South. Slickenlines on minor E-W
trending faults show sinistral slickenlines (pitch value of 32◦).
Carbonate veins (1-2 cm thick) are ENE-WSW trending and dip between 85◦ and vertical. Pyrite
is observed associated with some of these faults (Fig. 4.36b).
Figure 4.36: (a) E-W trending faults at Point of the Baits (HY 43624 08810) and (b) sinistral oblique
kinematics on mineralized (pyrite) fault plane. (c) Equal area stereonet plots and density contours of (1)
poles to faults and fractures and (2) poles to veins. (d) Stress inversion result (Minimized Shear Stress
Variation method) for Group 3 structures yielding NW-SE directed extension.
A stress inversion analysis of the striated and mineralized E-W trending faults and minor miner-
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alized NE-SW trending faults yields to NW-SE extension direction consistent with these features
being Group 3 Structures (Fig. 4.36d). The observed kinematics and mineralization are very sim-
ilar to the Group 3 ENE –WSW trending faults in Caithness (e.g. at Murkle Bay and St. John’s
Point in Figs 4.19a and 4.27b, respectively).
4.5.3 Birsay
Birsay is located in the northwesternmost coastal region of the mainland (Figs 4.32a and 4.37)
and lies on the western limb of the regional-scale open N-S antiform (West Mainland Anticline,
Fig. 4.32a). Field observations are described in the three sub-localities shown in Fig. 4.37: NE
of Skipi Geo (Fig. 4.38); north of Point of Buckquoi (Fig. 4.39); and south of Point of Buckquoi
(Fig. 4.40).
Figure 4.37: Aerial map of Birsay area showing main structures, dykes and field localities.
Rocks in outcrop at Skipi Geo belong to the Stromness Flagstones and they generally gently (14◦)
dip to NW. The area NE of Skipi Geo is dominated by N-S to NNE-SSW trending, open to tight
cm to m-scale folds that are mainly developed in the footwall of a shallow thrust fault (Figs 4.38a-
b). The folds are asymmetric tight chevrons-shaped trending between 175◦ and 071◦ (main cluster
at 027◦) and plunge between 04◦ and 40◦ (main cluster at 11◦). Flexural slip lineations are mainly
E-W to NW-SE trending (Fig. 4.38h plot3).
The thrust is NNE-SSW trending, sub-parallel to the folds (Figs 4.38d-e). No mineralization was
observed in association with either the thrust or the folds. Bedding parallel lineations suggest
ENE-WSW compression consistent with these structures being Group 2 structures. 40 m south-
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west of the thrust fault shown in Fig. 4.38f, a N-S normal fault was observed previously by Hippler
(1989), (see map in Fig. 4.38g). This fault cuts an ENE-WSW dyke (Fig. 4.38f) and it has been
attributed to a late E-W extensional event.
Permo-Carboniferous dykes, that form part of the regional Orkney Dyke Swarm have been dated
using the K-Ar method 245 ± 12 Ma by Brown (1975), ca. 240 Ma by Halliday et al. (1977),
288 ± 9 Ma by Mykura et al. (1976) and 249–268 Ma by Baxter & Mitchell (1984) and using
the Zircon U–Pb method at 313 ± 4 Ma by Lundmark et al. (2011), are mainly exposed on the
wave-cut platform north of Point of Buckqoui and east of Skipi Geo (between HY 24373 28398
and HY 24576 28436 and between HY 25272 28725 and HY 25482 28784). They are oriented
ENE-WSW (similarly to the dykes observed in Caithness, e.g. Castletown, Dunnet Head) and they
place constraints on the relative age of the structures at Birsay.
The ENE-WSW dykes here show a left-stepping intrusion patterns and deformation in step-over
zones consistent with sinistral shear during emplacement (Fig. 4.39a), similar to the dykes ob-
served at Castletown in Caithness (Chapter 3). NW-SE tensile carbonate veins with clasts of host
rocks cut the dykes (Fig. 4.36b) and similar composition veins have formed sub-parallel to the
dyke margins.
South of Point of Buckquoi (Fig. 4.37a, HY 24644 28075), a N-S trending fault occurs (Figs
4.40a-b). The fault is unmineralized and shows a normal offset geometry. Crosscutting rela-
tionships between differently oriented veins on the platform in the hangingwall of the fault show
dextral shear senses along NNE-SSW veins which are associated with thinner ENE-WSW trend-
ing veins (Fig. 4.40c). 100 m northwest of this fault (HY 24556 28133), a thin confined parallel
bedding surface in hydrocarbon rich layers and an E-W sinistral trending fault with carbonate
mineralization occur (Figs 4.40d-e).
A stress inversion analysis of the striated unmineralized N-S trending faults at Birsay yields an E-
W extension direction consistent with these structures being a Group 1 structure (Fig. 4.40g left).
In contrast the N-S and NNE-SSW carbonate-mineralised dextral faults and E-W mineralized
Figure 4.38 (preceding page): (a) Cross-section view of the N-S trending thrust fault and detachment zone
separating the folded rocks in the footwall from sub-horizontal rocks in the hangingwall. (b) N-S to NNE-
SSW trending folds on the platform and (c) WNW lineations associated with the detachment zone at Birsay.
(d) Cross-section view and (e) detail of the N-S trending thrust at Birsay showing folding developed in its
hangingwall and footwall and carbonate mineralization occurring along minor normal faults. (f) Panoramic
view of a N-S normal fault cutting ENE-WSW trending dyke. (g) Detailed geological map from Hippler
(1989). (h) Equal area stereonet plots and density contours of (1) poles to bedding, (2) poles to fault and
fractures and (3) fold hinges, axial planes, and associated lineations.
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sinistral faults yield a NW-SE extension direction consistent with these features being Group 3
structures (Fig. 4.40g right).
Figure 4.39: (a) Oblique view of the ENE-WSW dykes at Birsay showing lateral sinistral step and defor-
mation in the bridge zone. (b) Detail of NW-SE trending faults cutting the dykes and showing carbonate
mineralization; mineralization is observed parallel to the dyke walls and cutting the dyke at high angle. (c)
Equal area stereonet plot and density contour of (1) poles to fault and fractures and (2) poles to veins.
4.5.4 Whitaloo Point
Whitaloo is located about 1 km east of Skipi Geo (HY 25935 28765, Fig. 4.37). Rocks in outcrop
belong to the Stromness Flagstones and generally gently (6◦ to 12◦) dip to N-NW. N-S trending
chevron folds with steeply inclined limbs verge to the west (Fig. 4.41a) and are everywhere asso-
ciated with bedding-parallel thrusts (Fig. 4.41b) with E-W trending reverse lineations developed
on clay rich surfaces (Fig. 4.41c).
The deformation at Whitaloo Point is complex. 20 m east of Skipi Geo (HY 25955 28737), a
steeply W-dipping (68◦) N-S trending fault occurs and a bedding parallel thrusts curve into the
fault (Fig. 4.41d). It has been already documented that the fault was modified by later com-
pressional deformation (Hippler, 1989 and Fig. 4.41). Differently oriented kinematics have been
observed on the N-S trending fault plane: normal (pitch between 64◦ to 84◦) and dextral strike-slip
(pitch value of 16◦). In the hangingwall of the N-S trending fault, thin (< 4mm) E-W carbonate
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veins occur with bitumen (Fig. 4.41f). Sinistral lineations have been recorded on similarly E-W
trending minor faults (Fig. 4.41g).
Lineations on thursts faults also show hydrocarbon residues (Fig. 4.41e).
Structures and mineralization at Whitaloo Point suggest different stages of deformation: as pro-
posed by Hippler (1989). The main N-S trending fault occurring east of Skipi Geo represents the
early structure in the area. Its orientation is also consistent with Group 1 structures observed in
Caithness. Similarly to St. Mary, the N-S fold orientations and associated lineations (Fig. 4.41h)
suggest E-W compression and they are likely to be Group 2 Structures. Normal oblique (dextral)
lineations observed on the N-S fault and the associated mineralization suggests that a later event
has reactivated the fault.
A stress inversion analysis of the unmineralized striated N-S trending faults yields an E-W exten-
sion direction consistent with these features being Group 1 (Fig. 4.41i left), while the mineralized
N-S (dextral) and E-W (sinistral) trending faults yield a NW-SE extension direction consistent
with these features being Group 3 structures (Fig. 4.41i right). E-W trending lineations associ-
ated with the thrusts and folds suggest that they were formed during E-W compression, similar to
the Group 2 folds observed at Brims (Fig. 4.14c). Group 2 Structures have commonly followed
pre-existing weak clay-rich detachments (Group 1 structures; e.g. see Parnell et al., 1998, Fig.
4.41j).
4.6 Discussion
4.6.1 Fault systems in the basement rocks of Sutherland
Wilson et al. (2010) previously mapped the onshore fault systems cutting the Precambrian and
Caledonian basement rocks in Sutherland (west Scotland) (Fig. 4.42). It is useful to summarise
Figure 4.40 (preceding page): (a) Cross-section and (b) detailed view of a reactivated N-S trending fault
at Birsay (HY 24644 28075). (c) NNE-SSW and ENE-WSW trending veins are observed in the platform.
(d) Cross-section of a low angle parallel-bedding detachment fault. (e) Carbonate mineralization and bitu-
men associated with an E-W trending fault at Birsay (HY 24417 28168). (f) Equal area stereonet plots and
density contours of (1) poles to faults and fractures, (2) poles to veins and (3) fold hinge and axial plane.
(g) Stress inversion result (Minimized Shear Stress Variation method) for Group 1 structures (left) yield-
ing WSW-ENE directed extension and mineralized Group 3 structures (right) yielding NW-SE directed
extension.
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these findings first as it gives a clue as to how basement structure may have influenced faulting
in North Scotland. In the Caledonian Foreland (west of the Moine Thrust) the dominant fault
sets are NE-SW-trending, NW-dipping faults, together with an orthogonal, broadly contempora-
neous set of NW-SE to WNW-ESE trending faults. The NE-SW trending faults accommodate a
large amount of dip-slip extensional displacement and have local red sedimentary breccia infill
or cataclasite, fault gouge and calcite mineralization (e.g. Sango Bay, see Wilson et al., 2010).
WNW-ESE trending faults (e.g. Faraid Head fault) run sub-parallel to the Lewisian basement fab-
rics, and are normal to strike-slip sinistral structures with fault zones characterized by red-orange
haematite staining, local red sedimentary fills, brecciation and calcite mineralization (cements,
veining) (Fig. 4.42a, Wilson et al., 2010).
In the Moine Nappe to the east, NNW-SSE to N-S trending faults are more prevalent, although
there are some large NE-SW structures such as the Loch Loyal Fault (Fig. 4.42a). The N-S to
NNW-SSE faults are linked to secondary sets of WNW-ESE to E-W, en echelon sinistral normal
faults, which collectively form part of the postulated coast-parallel North coast Transfer Zone (Fig.
4.42a, see below and Wilson et al., 2010). Incohesive breccias, gouge and carbonate veining are
often associated with these fault zones where they are exposed.
The widespread direct reactivation of basement fabrics by faults is less common in the basement
rocks exposed along the northern Scottish coastal region than is suggested in the literature (e.g.
Brewer & Smythe, 1984; Enfield & Coward, 1987; Coward et al., 1989; Snyder, 1990). With the
exception of the basin-bounding faults such as those at Kirtomy and Strathy Bay and some of the
coast-parallel faults in the Caledonian foreland which are parallel to local Laxfordian fabrics, the
majority of faults cross-cut shallow to moderately dipping basement fabrics at high angles (e.g.
Holdsworth, 1989). Interestingly, in the examples where reactivation may occur, the basement
fabrics are consistently steeply dipping (> 60◦) and a similar pattern has recently been recognised
in interpretations of seismic reflection data from the West Orkney Basin offshore and to the north
(Bird et al., 2015). Wilson et al. (2010) also suggest that more subtle changes in the patterns
Figure 4.41 (preceding page): (a) Cross-section view and (b) detailed view of the N-S trending chevron
folds, thrusts and detachments at Whitaloo Point, location (HY 25935 28765). (c) E-W trending (098◦) flex-
ural slip. (d) Cross-section view of fault and structures at Whitaloo (HY 25955 28737). (e) Bitumen stained
lineation and (f) Tensile veins with carbonate mineralization and bitumen. (f) Sinistral strike-slip slicken-
lines on a carbonate mineralized E-W trending fault. (h) Equal area stereonet plots with density contours of
(1) poles to faults and fractures, (2) poles to veins and (3) fold hinges and axial planes. (i) Stress inversion
result of Group 1 structures (left) yielding E-W extension and mineralized Group 3 structures (right) yield-
ing NW-SE extension. (j) Simplified schematic representation of the fault zone formation (images from
Parnell et al., 1998)
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of faulting may occur as regionally constant rifting vectors generate locally variable 3D transten-
sional strain fields due to the presence of differently orientated pre-existing fabrics in the basement
(cf. Morley et al., 2004).
Figure 4.42: (a) Summary of the main structures recognized in (a) the north coast of Sutherland by Wilson
et al. (2010) and (b) in the north coast of Caithness in the present study. Red fault lines are interpreted to
be formed in the Devonian, while green lines are fault showing evidences of activity during Permo-Triassic
times.
4.6.2 Fault systems and associated structures in the Devonian rocks of the Orcadian
Basin in Caithness and Orkney
The present work has shown that the structures that deform Devonian sedimentary rocks in eastern-
most Sutherland, Caithness and Orkney are readily subdivided into the three groups of structures
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(Figs 4.42b - 4.43).
Figure 4.43: Data compilation for Caithness and Orkney showing (a) the stress inversion results obtained
for Group 1, 2 and 3 structures presented in this Chapter and (b) the stress inversion results obtained for
Group 1, 2 and 3 structures recognized during this PhD work. (c) Rose diagram showing the trends of the
major regional faults in Caithness and Orkney. (d) Equal area stereonet plots with density contour of fold
hinges and axial planes of (left) Group 2 structures and (right) Group 3 Structures. (e) Equal area stereonet
plot of flexural slip-related lineations associated with Group 2 Structures. (f) Equal area stereonet plot with
density contours of poles to veins. (g) Rose diagram showing the dyke trends.
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4.6.2.1 Group 1 structures
Group 1 minor structures (in orange) are mostly normal faults or systems of folds and low-angle,
often bedding-parallel detachments that formed early in the geological history during the Devo-
nian. The latter may have formed earliest, prior to full lithification and may have been driven in
part by downslope gravity-driven collapse in response to local basin topography which may itself
be fault controlled (e.g. Parnell et al., 1998). The more widespread steeply dipping Group 1 minor
faults are mostly N-S to NNE-SSW and NW-SE oriented, but it is conceivable that other orienta-
tions of fractures formed at this time. Those minor faults reliably identified as Group 1 structures
are usually recognised as they are consistently cross cut by Group 2 or 3 structures and/or by their
associated fault rocks and lack of mineralization (see below). Given the diversity of structures and
orientations, it is conceivable that more than one phase of deformation is represented by Group 1
structures, but it is difficult to separate these out given the widespread development of later faults
and fractures across the region. What all the Group 1 structures share in common is that they do
not show any widespread carbonate-sulphide-bitumen mineralization (unlike Group 3 structures),
except in cases where they have experienced later reactivation. In addition, they are often associ-
ated with the widespread development of cataclastic deformation bands (e.g. 4.11b) in sandstones
and more localised clay-rich gouges in areas where siltstone/mudstone units are caught up in the
deformation adjacent to Group 1 faults (e.g. 4.11d).
Many of the major brittle faults in Sutherland, Caithness and Orkney are thought to represent
Group 1 structures which have undergone a long history of deformation due to repeated episodes
of post-Devonian reactivation (Enfield, 1988 and Enfield & Coward, 1987). Regional mapping in
Caithness (e.g. Fletcher & Key, 1992; NIREX, 1994c; NIREX, 1994b; BGS, 1985a; BGS, 1985b;
BGS, 1985c; BGS, 2005) suggests that major changes in thickness and/or Devonian stratigraphy
occur across a number of the larger N-S to NNE-SSW faults. The present study confirms that
basin/sub-basin bounding structures such as at Kirtomy, the Brough Fault (ND 22086 73972) and
the Bridge of Forss Fault at Brims Ness (ND 04371 71020) started their life as growth faults during
the early stages of basin formation (lower Middle Devonian), much like the East Scapa Fault in
Orkney (Hippler, 1989). The Brough Fault also is clearly linked to the Brims-Risa Fault in Hoy
(Coward et al., 1989), providing a key structural link between the two regions.
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4.6.2.2 Group 2 structures
Subsequently, many – but not all - of the major Group 1 structures appear to have been inverted as
reverse or transpressional faults forming local sets of cm to km-scale Group 2 structures (shown in
blue in Fig. 4.43) that are mainly N-S to NE-SW folds and associated top-to-the-E/SE or -W/NW
thrusts. Major folds formed at this time are commonly located close to pre-existing N-S Group 1
faults and include the Ham Anticline in Caithness and the West Mainland Anticline on Orkney.
More isolated sets of metre to decametre-scale Group 2 folds, such as those seen at Brims Ness
Chapel (Figs 4.12 - 4.13) and Langypo (Fig. 4.31) may well overlie smaller scale reactivated
Group 1 faults buried at depth, although this is difficult to prove. At outcrop scales, Group 2
structures are once again characterized by a lack of associated mineralization.
4.6.2.3 Group 3 structures
Group 3 faults and fractures (shown in green in Fig. 4.43) are the dominant brittle deformation
features seen in much of Sutherland, Caithness and Orkney. They consistently overprint (reac-
tivate) or cross-cut Group 1 and 2 structures and comprise sets of generally NE-SW trending
faults with dextral-normal kinematics (e.g. Thurso, Section 4.4.4, Fig. 4.15), together with E-W
to ENE-WSW trending faults with sinistral kinematics (e.g. Ham Bay and St. John’s Point in
Sections 4.4.6 and 4.4.8 and Figs 4.21 and 4.27, respectively ). Deformation intensities are re-
gionally low, with displacements along many minor faults rarely being greater than a few metres.
As documented in detail by Dichiarante et al. (2016) (Chapter 2), the Group 3 brittle structures are
widely and consistently associated with pale carbonate-base metal sulphide (pyrite-chalcopyrite-
chalcocite)-bitumen mineralization that developed synchronously with faulting. This suggests that
in the geological past, many of these fault zones have acted as efficient fluid flow pathways and
the widespread development of narrow fault-bounded "fracture corridors" comprising interlinked
systems of shear, hybrid and conjugate shear fractures is wholly consistent with this proposal; it
is likely that they still have the capacity to act as fluid channel-ways in the present day (see Fig.
2.2 in Chapter 2). Open vuggy cavities and fault-bounded lenses are widely developed in these
fracture corridors. The hydrocarbons appear to be sourced from organic rich horizons in the local
Devonian stratigraphy (Marshall et al., 1985; Parnell, 1985).
Re-Os dating of pyrite collected from fresh inland exposures of Group 3 faults in the Dounreay
area (Dichiarante et al., 2016, Chapter 2) suggest that these structures are Permian in age (267.5
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± 3.4 [3.5] Ma). In at least one case (at Skarfskerry), red sediment infills are seen within a large
fracture also bearing carbonate and bitumen mineralization. These infills are very similar to the
red sediment infills and outliers associated with open fractures and faults much further west in the
Durness and Tongue regions by Wilson et al. (2010). Palaeomagnetic and AFTA dating of some of
these red sedimentary materials suggest that they too are Permian (Carter et al., 1995; Blumstein
et al., 2005; Elmore et al., 2010; Wilson et al., 2010). Group 3 faults also appear to either cross
cut or be associated with the emplacement of mafic dykes and volcanic vents (e.g. Castletown in
Chapter 3; Dunnet Head in Section 4.4.11 and Fig. 4.30), once again strengthening the case for
these being Permian age structures.
Millimetre to metre-scale folds are often associated with Group 3 structures where they appear
to accommodate strains adjacent to faults with oblique kinematics, especially (but not always) in
areas where pre-existing Group 1 faults are reactivated. Thus NNW- to NW-trending folds are
commonly associated with dextrally reactivated N-S or NNE-SSW faults (e.g. Ham Bay in Sec-
tion 4.4.6 and Fig. 4.21) whilst more E-W trending folds are locally associated with ENE-WSW
trending sinistral faults (e.g. at St. John’s Point in Section 4.4.8 and Fig. 4.27). These structures
can be distinguished from earlier Group 2 folds due to their different orientations and close as-
sociation with Group 3 age faults which commonly bound regions of folding. More importantly,
however, they are widely associated with carbonate-sulphide-bitumen mineralization unlike the
Group 2 folds.
However, there are some folds – such as the NW-SE folds at Skarfskerry - which are more prob-
lematic. These are clearly widely mineralized, yet their NW-SE trend is difficult to easily reconcile
with NW-SE rifting and the sinistral shear that appears to have occurred along the fault/shear zone
that runs through Skarfskerry harbour. One possibility here is that the folds formed initially as
Group 2 structures due to sinistrally transpressive deformation during E-W shortening against a
pre-existing Group 1 fault and that this was then reactivated again (sinistrally) during the Group 3
event, further tightening and mineralizing the folds. This hypothesis would explain why the folds
at Skarfskerry are unusually tight compared to other regions. It is also worth mentioning that in
many cases it is often difficult to assign individual minor folds seen all along the Caithness and
Orkney coastlines to Group 2 or Group 3. As a general rule of thumb, if they are clearly associ-
ated with movements along Group 3 faults and are mineralized, they are probably best assigned
to Group 3. If they are not, it seems most likely that they are more safely assigned to Group 2 –
especially if they trend N-NE and are not obviously mineralized.
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4.6.3 Regional scale stress inversion analysis
Stress inversion analyses were conducted at individual localities where data from the same group
of structures were consistently enough to yield a convincing paleostress analysis. Fault-slip slick-
enline data were collected in situ and the conventional stress-inversion techniques (Angelier, 1979;
Angelier, 1984; Michael, 1984) were carried out using MyFault software to calculate the mini-
mized shear stress variation. This method assumes that all slip events are independent but occur
as a result of a single stress regime. Any analysis of this kind is only viable in regions where fi-
nite strains are modest and the presence of major fault block rotations can be ruled out (De Paola
et al., 2005a).
A regional-scale stress inversion analysis of the correlated structural groups has also been carried
out for all of Caithness and Orkney. During this study, 327 striated faults were measured (Fig.
4.43b) and 254 of them have been presented here (Fig. 4.43a). Of the 254 faults, 228 were
mineralized (Fig. 4.43a right) and overprinted pre-existing structures (i.e. they were Group 3
structures). The results of this analysis confirm that three distinct tectonic events can be reliably
recognised on a regional scale:
- Group 1 faults trend ENE-WSW, N-S and NW-SE and display predominantly sinistral strike-
slip to dip-slip extensional movements. These are consistent with an extensional to transtensional
regime (σ1 sub-vertical) and a sub-horizontal to shallowly plunging regional extension (σ3) to-
wards the ENE-WSW (orange arrows in Fig. 4.43).
- Group 2 structures are systems of metre- to kilometre-scale N-S to NE-SW trending folds and
thrusts related to a highly heterogeneous regional inversion event, recognized locally throughout
the field area, but especially on Orkney. Where stress inversions were possible – bearing in mind
that most of these structures are folds - an E-W compressive regime is indicated (blue arrows in
Fig. 4.43). This shortening direction is also consistent with the regional trends of the folds and
associated flexural slip lineations formed by bedding-parallel slip during folding.
- Group 3 structures are dextral oblique NE-SW trending faults and sinistral E-W to ENE-WSW
trending faults with widespread syn-deformational carbonate mineralisation (± sulphides and bi-
tumen) both along faults and in associated mineral veins. In a few localities (e.g. Kirtomy, Brough,
Skarfskerry, E. Scapa Fault) strike-slip inversion events have occurred at this time leading to local-
ized transpressional or transtensional folding during reactivation of pre-existing (Group 1) Devo-
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nian faults. Regionally, Group 3 yield an extensional to transtensional regime with a well-defined
NW-SE extension direction which is consistent with the trend of local tensile veins arrays (green
arrows in Fig. 4.43).
Our stress inversion results compare well with the findings of Wilson et al. (2010) in the basement-
dominated terranes of Sutherland (Fig. 4.42a). This provides confirmation of the suggestion
made by Wilson et al. (2010) and Dichiarante et al. (2016) that the onshore normal faulting in
Sutherland and Caithness is dominated by structures related, and peripheral to the offshore Permo-
Triassic West Orkney Basin. It also further supports the existence of a broad ESE-WNW-trending
zone of transtensional faulting – the North Coast Transfer Zone (see Fig. 2.15 in Chapter 2) -
a diffuse system of synthetic generally ESE-WNW to ENE-WSW sinistral and antithetic N-S to
NE-SW dextral extensional faults running from Cape Wrath to Dunnet Head. The predominance
of dextral-extensional N-S to NE-SW faults in the western onshore parts of the Orcadian Basin
(e.g. Kirtomy, Dounreay, Brims, Thurso) may reflect preferential reactivation of fault trends first
established in the Devonian during the initial basin development. East of St. John’s Point, the
Group 3 structures are less prominent and this, together with the predominance of ENE-WSW
sinistral faults in eastern Caithness, as opposed to the ESE-WNW trends in Sutherland may be
due to the intensity of deformation associated with the NCTZ progressively weakening eastwards
as it transfers Permian to Triassic extension into the West Orkney and North Minch basins (Fig.
4.42a).
4.7 Conclusions
(1) The onshore Devonian rocks of the Orcadian Basin, NE Scotland show three distinct groups
of faults and associated structures, each of them with different and distinctive fault rocks and frac-
ture fills (Fig. 4.44): (i) Group 1 structures formed due to Devonian-age ENE-WSW extension
consistent with sinistral transtension along the Great Glen Fault Zone (GGFZ). The formation of
the Orcadian basin and proto-WOB is partially controlled by the development of major Devo-
nian rift structures. They trend N-S to NNE-SSW and NW-SE, predominantly displaying sinis-
tral strike-slip to dip-slip extensional movements. (ii) Group 2 structures formed during the Late
Carboniferous – Early Permian due to E-W to NW-SE shortening most likely related to dextral
reactivation of the Great Glen Fault. This leads to the development of N-S to NNE-SSW trend-
ing folds and associated thrusts with both easterly and westerly vergence. The largest Group 2
4.7 Conclusions 193
folds are apparently related to significant reactivation and inversion of pre-existing major Group 1
structures such as the Brough and East Scapa faults. The predominance of Group 2 structures in
Orkney is consistent with their proximity to the Great Glen Fault. (iii) Group 3 structures formed
due to Permian NW-SE extension related to the opening of the offshore West Orkney Basin and
created new faults and locally reactivated earlier structures. In Caithness and Orkney, these faults
are dominantly NE-SW trending and E-W to ENE-WSW trending with dextral oblique kinematics
and sinistral kinematics respectively. They show widespread syn-deformational carbonate miner-
alisation (± base metal sulphide and bitumen) both along faults and in associated mineral veins.
Reactivation of N-S trending Devonian structures is widespread and the intensity of deformation
appears to die away eastwards.
Figure 4.44: Summary of the structural history of the Orcadian basin, block diagrams and proposed tec-
tonic setting of the (bottom) Devonian, (centre) Late Carboniferous-Early Permian and (top) Permo-Triassic
basins in relation to the major faults.
(2) All three episodes are transtensional or transpressional on local to regional scales mainly due
to reactivation of pre-existing structures. This leads to highly localised regions of complex defor-
mation that contrast strongly with intervening regions of more "undeformed" strata. Whilst larger
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scale folds are related to regional scale inversion events, small-scale folds - which are locally
widespread - are more diverse in their origins with a proportion being related to transpressional or
transtensional movements along local, often reactivated, fault zones during regional rifting. Thus
not all folds in the Devonian rocks of the Orcadian Basin are related to regional inversion during
the Permo-Carboniferous. Some are early and related to gravity-driven deformation of partially
consolidated sediments early in the Devonian basin history, whilst others are late and occurred due
to local transpressional or transtensional reactivation of obliquely oriented pre-existing structures
during Permian age regional rifting related to the development of the West Orkney Basin.
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Chapter 5
Scaling of fault apertures and lengths in Devonian Orcadian Basin in
Caithness, Northern Scotland1
Abstract
Fracture attribute datasets derived from surface outcrop analogues have been widely used to cali-
brate subsurface reservoir models in a range of geological settings. These models serve as starting
points for simulations to understand the potential fluid storage and migration processes in fractured
reservoirs. Fracture attribute scalability is a key parameter in building a realistic geological model
and is typically based upon detailed observations made in boreholes to predict flow at reservoir
scales. Consequently, the up-scaling of fracture properties, particularly aperture, a major influence
on permeability over large-scale ranges, remains a persistent problem because of uncertainties as-
sociated with the determination of reliable scaling parameters.
In this study, I investigated fracture length and aperture scaling properties in the Devonian Old Red
Sandstones in Caithness (Scotland). This basin was chosen as it provides a direct analogue for the
main Devonian-Carboniferous reservoir in the Clair Field, the UK’s largest remaining oil field lo-
cated on the UK Continental Shelf. Using results from 1D transect (scan line) analysis, fracture
length has been quantified over eight orders of magnitude from (10−4 to 104 m) with each dataset
well described by a power-law distribution with an exponent average value of - 1.039. Fracture
aperture is quantified over four orders of magnitude (10−6 to 10−2 m). I also combine the obtained
results with a 2D analysis of fractures at regional and mesoscale to give some preliminary informa-
tion on fracture connectivity and self-similarity. The results are consistent with previous fracture
analyses results obtained in similar lithologies from the West Coast of Norway (mesoscale) and
1A.M. DICHIARANTEa, K.J.W.McCAFFREYa, R.E. HOLDSWORTHa and
T.I. BJØRNARÅb
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offshore datasets from North Sea (seismic/regional scale). I discuss how I can use the better deter-
mined fracture length attribute data obtained here to up-scale fracture aperture from mesoscale to
reservoir scales.
Keywords: fracture attribute, fracture length, fracture aperture, scalability, Clair Field
5.1 Introduction
Fractures, including faults and veins, affect the fluid flow and mechanical properties of rocks in
many sub-surface reservoirs. Outcrop analogue studies are able to provide useful information on
fracture systems that can assist with the construction of a reservoir model (e.g. Odling et al.,
1999). The analysis of fracture attributes, such as orientation, density, displacement and aperture
in analogues can fill the scale gap between seismic (10 to 1000 m scales) and sub-metre borehole
(core) data that commonly arises during subsurface exploration of rock reservoirs (Mäkel, 2007).
Figure 5.1: Synthesis of 1D and 2D methodologies to estimate fracture attributes: (a) scanline sampling
(or transect), (b) window sampling, (c) a circular scanline estimator and (d) box counting method.
Fracture attribute analysis is a statistically-based method used to describe and quantify fracture
characteristics. The first step is to establish the quantitative parameters from various sources of
data such as seismic, well logs and analogue outcrops at different scales. Borehole data can provide
1D information on small-scale fracture distributions and sizes whilst seismic data can provide
2D and 3D information on large-scale fracture and fault patterns. Whilst detailed, data from
boreholes can be considered sparse as they are only available in discrete locations compared to the
more continuous coverage of seismic data, which has lower resolution. Analogue outcrop datasets
typically contribute by filling the gap between these fragmentary borehole data and low resolution











Orientation Orientation of a frac-
ture on a sampling
plane (1D) or sam-
pling volume (3D)
YES YES - -
Spacing (s) Spacing between con-
secutive fractures (m)
(1D)
s = 1/I - - YES
Length (l) Length of fracture in-
tersecting the scanline
(1D) or sampling area
(2D)
YES YES - YES
Aperture (a) Aperture of fracture
intersecting the scan-
line (1D)
YES YES - -
Intensity (I) Number of fractures
(N) per unit length (L)
(m−1) (1D)
I = N/L - - -
Density (D) Number of fractures
(N) per unit area (A)
(m−2) (2D)
- D = N/A D=m/2pir2 YES
Table 5.1: The basic parameter definitions and equations provided by different 1D and 2D methods (Zeeb
et al., 2013 modified).
The most common data acquisition methodologies used consist of scanlines (or transects), window
sampling, circular scanlines and box counting (Fig. 5.1; Zeeb et al., 2013). These methods provide
access to different types of information as shown in Table 5.1. Scanlines (a 1D method) allow a
relatively simple characterization of individual fracture sizes and spacings, and act as a good proxy
for the borehole data that typically serve as starting points for building reservoir models. Window
sampling and circular scanlines (both 2D methods) provide further information on the spatial
relationships within the fractured system (Manzocchi, 2002; Zeeb et al., 2013) and importantly
provide access to connectivity estimates for the fracture array which is a key parameter when
modelling fluid flow.
Using 1D methods, fracture attributes have been investigated in different tectonic contexts and
lithologies and at various levels of detail (e.g. Baecher, 1983; Gillespie et al., 1993; McCaffrey
& Johnston, 1996; Knott et al., 1996; Odling et al., 1999; Bour et al., 2002; Manzocchi, 2002;
Olson, 2003; Kim & Sanderson, 2005; Leonel & Stephen, 2006; Schultz & Fossen, 2008; Hooker
et al., 2009; Torabi & Berg, 2011). However, datasets that include fracture attributes collected
from different scales in similar rocks and tectonic regimes have not been reported widely (e.g.
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Walsh & Watterson, 1988; Guerriero et al., 2010; Torabi & Berg, 2011; Bertrand et al., 2015.
Figure 5.2: (a) Multiscale cumulative length distribution plotted using a log-log scale for faults and frac-
tures in siliciclastic rocks for different scales and tectonic settings (Torabi et al., 2011) and (b) multiscale
cumulative aperture distribution plot for limestone/dolomite beds in the Sorrento Peninsula (south of Italy)
(Guerriero et al., 2010)
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Plots of cumulative frequency normalized by the areal extent of individual datasets versus fracture
size enables an assessment of the scaling of the fracture population, i.e. the ratio of small to large
fractures. This is known as a population plot. Torabi & Berg (2011) compiled fracture attribute
(length) vs. cumulative frequency over scales, ranging from 10−1 to 105, for siliciclastic rocks
from different tectonic regimes (Fig. 5.2a). Their fault data were compiled from core, (lengths up
to 1 m scale), outcrop and mine data (lengths between 1 m to 1 km scale) and seismic interpretation
data (longer than 1 km scale) collected by Odling et al. (1999); Yielding et al. (1996); Knott et al.
(1996); Villemin et al. (1995); Schlische et al. (1996) and Davis et al., 2005.
In general, the data can seemingly be described by power-law distributions with a slope coeffi-
cient between 1.02 and 2.04. However, data collected from the Devonian Old Red Sandstones in
the Hornelen Basin, West of Norway (Odling et al., 1999) lies on a slope with a coefficient of
2.1. Torabi & Berg (2011) attributed variations in the power-law coefficient to variation in the
stress regime, different fault linkage arrangements, sampling bias and differences in the size of
each dataset. They also suggested that small-scale data derived from outcrops had generally shal-
lower slopes than those derived from seismic data, but were steeper than "very" small-scale data
derived from outcrop (Fig. 5.2a) potentially illustrating a behaviour that can be described as self-
affine rather than self-similar (Torabi & Berg, 2011). Deviations in individual distributions were
somewhat vaguely attributed to different characteristics of individual datasets.
Guerriero et al. (2010) provided a multi-scale comparison of fracture apertures between outcrop
(mesoscale) and thin-section data (microscale) for structures in limestone/dolomite beds in the
Sorrento Peninsula (south of Italy) (Fig. 5.2b). The cumulative frequency data here were nor-
malized by the length of the transect following the methodology proposed by Ortega & Marrett
(2000). Guerriero et al. (2010) suggested that a power law coefficient of 1.16 best described both
microscale and outcrop scale data and suggested that a significant reduction of uncertainties was
achieved by integrating micro-scanline data with traditional outcrop-based scanline analysis. In
this study, I combined the approaches of Torabi & Berg (2011) and Guerriero et al. (2010), by
using cumulative frequency plots to compare fracture attributes over scales ranging from 10−4 to
104 metres for fracture length and 10−6 to 10−2 metres for fracture aperture.
In order to fully analyse a fracture network, five geometrical characteristics should ideally be in-
vestigated: orientation, density, aperture, connectivity and length (and height) of fractures (Mäkel,
2007). 1D methodology provides information about fractures as single entities. However, inter-
action and clustering are essential features of fracture networks and need to be known in order to
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estimate connectivity. A recent study of 2-D regional and sub-regional fault networks has led to
the development of an effective method to evaluate connectivity through a topological analysis of
nodes and/or branches (Nixon, 2013). Following the methodology used by Nixon (2013), I inves-
tigate a bathymetric map (sub-regional scale) and a photograph of outcrop pavement (mesoscale)
to provide a measure of connectivity. I also perform circular scanlines and box counting methods
on the same datasets to investigate variability in the spatial characteristics of the network and to
critically appraise self-similarity.
The rest of the chapter is structured as follows: in section 5.2, I introduce the methodology used
in this study, the key definitions, the type of distributions and biases which can affect fracture
populations. In section 5.3, I describe the geological setting of the study area and the transects
that were carried out at different scales. In sections 5.4 and 5.5 1D results are presented. In 5.6 I
analyse the uncertainties associated with the different fracture datasets, discuss the scalability of
fracture attributes and compare our results with data from the literature. In sections 5.7 and 5.8 2d
results are presented. Finally, in sections 5.9 and 5.10 discussions and conclusions are provided.
5.2 Methodology
Fracture attributes are typically collected in the field using transects (or scanlines) (e.g. Baecher,
1983; Gillespie et al., 1993; McCaffrey & Johnston, 1996; Knott et al., 1996; Ortega & Mar-
rett, 2000; Ortega et al., 2006; Bonnet et al., 2001; Odling et al., 1999). The specific technique
used in this study involves the progressive recording of fracture orientations, lengths and aper-
tures, together with composition and texture of fracture infills and fracture terminations on joints
(fractures with no significant displacement) and faults (fractures with tensile and/or shear displace-
ment) along linear transect lines. The start and end point of each transect is recorded with GPS.
To extend the dataset to other scales, the method was adapted and applied to aerial photos (re-
gional scale) to quantify fracture spacing and length and to thin-sections (microscale) to quantify
spacing, length and aperture. It is not possible to rigorously analyse fracture apertures from aerial
photos.
The statistical significance of a fracture population increases with increasing number of measure-
ments made (Ortega et al., 2006). One method to confirm that the number of datapoints collected
in a transect is sufficient, is to calculate the mean confidence interval for progressively increasing
numbers of values. Ideally, the gap between standard deviation and mean curves is relatively high
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for a small number (< 20) of detected fractures and becomes progressively smaller with increasing
numbers of measurements before stabilising at a value that is representative of the overall.
While 1D analysis provides information about fractures as single entities, 2D analysis consider
fractures as part of a structural network providing preliminary information on fracture connectivity
and self-similarity. The 2D analysis reported here has been conducted on fractures at mesoscale on
outcrop pavement photograph at Brims Ness and on a bathymetric map between St. John’s Point
and Stroma Island (see Fig. 5.6b for location). Circular scanlines and box counting methods have
been performed using the Corel Draw Graphic Suite, ArcGis and MATLAB to produce small-
scale density maps, triangular plots and a self-similarity plot. The 2D methodologies used follow
Nixon, 2013 and Bonnet et al., 2001 and are more fully reported in Appendix E. The aim here
is to illustrate how the results of this study, when combined with connectivity and self-similarity
analysis, can provide information to better predict fluid flow at reservoir scales.
5.2.1 Key definitions
Fracture Orientation α is the attitude of the fracture, measured at its intersection with the transect
line (Fig. 5.3). It can be expressed as azimuth (two-dimensional) or, if possible, as dip and dip-
direction (three-dimensional). A fracture array with similarly oriented fractures produces very few
intersections limiting the connectivity of the system. Transect orientations are generally measured
parallel and orthogonal to the major set of fractures or to the master fault in order to sample all
the fracture orientations; the data can be corrected afterwards in order to sample the main set of
fractures observed in the specific area (see Terzaghi’s Correction in subsection 5.2.1.2).
To analyse the fracture orientation, strike data for each transect were plotted on rose diagrams
to identify the dominant fracture trends. Also, fracture dip and dip-direction were plotted on
lower hemisphere stereographic projections (e.g. Fig. 5.8). Although rose plots can provide
simple visualization of the dominant fracture trends, they are 2-dimensional and may create bias
by exaggerating larger concentrations and reducing smaller ones (Barton, 1978).
Fracture Spacing s is the distance between two consecutive fractures measured along the transect
(Fig. 5.3, e.g. Gillespie et al., 1993; Zeeb et al., 2013). Spacing can be analysed using distribution
plots or can be indicated by a single mean value given usually in metres. Fracture intensity or
fracture density is the number of fractures divided by the sample line length (1D), or in 2D, it is
the number of fractures divided by the sample area (Zeeb et al., 2013) and is given in per metre
208
Scaling of fault apertures and lengths in Devonian Orcadian Basin in Caithness, Northern
Scotland
(m−1) units.
Figure 5.3: Schematic illustration of fracture attributes measured along a scanline (or transect). Fractures
are represented as straight lines differently orientated to the scanline AB. Termination types are defined
as X for crosscutting relationship, Y for abutment of a fracture and I for isolated fracture (or termination
against a lithological boundary).
Fracture Aperture a is the orthogonal distance between the fracture walls. It is important to
distinguish it from the apparent aperture which is the aperture measured parallel to the transect
line which has no physical meaning for fracture formation (Fig. 5.3). At the mesoscale, a fracture
is defined as "closed" if its measured aperture is between 0.1 and 0.5 mm, "gapped or partially
open" if it is between 0.5 and 10 mm and "open" between 1 cm and 1 m (Barton, 1978).
When measuring aperture in the field (mesoscale), weathering effects and the release of vertical
stress at the surface can provide unrealistically large values compared to apertures preserved along
the same fracture set at depth. It is also possible that infill may be washed out in coastal outcrops
by weathering and erosion. Therefore the mesoscale data measured at surface should be used with
caution and can only be considered as an approximation for fracture aperture at depth. As a result
of these limitations, it is often better to measure fracture aperture using the thickness of infills,
because veins are most likely to preserve the original aperture (e.g. Vermilye & Scholz, 1995;
McCaffrey & Johnston, 1996). For this study, I measured the aperture of veins and fractures to
compare them relative to the length.
Fracture Length L is the measure of the distance between terminations defined as I-type, Y-type
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or X-type (see Fig. 5.3). Fracture terminations in the 1D analysis are used to define fracture length
and to give a preliminary assessment of fracture connectivity. However, they represent one of the
key elements in 2D fracture arrays.
Consider a population n with a fracture attribute w. The parameters defined above allow us to
define fracture density or intensity I (1D) and fracture density D (2D) of a population which
are key parameters when considering fractures and fluid conductivity (Mäkel, 2007). Fracture
intensity I is defined as
I = N/L (5.1)
where N is the total number of sampled fractures and L is the total length of the transect. Fracture




where si is the spacing of i-th fracture.
Clustering in a 1D fracture population can be defined by the coefficient of variation Cv (Gillespie
et al., 1993 and Mäkel, 2007) as:
Cv = SD(s)/S (5.3)
where SD(s) is the standard deviation of s (e.g. Odling et al., 1999).Values of Cv < 1 are typical
for datasets with regular distribution (anti-clustered) of fractures. Values of Cv = 1 are typical
of a random (or exponential) distribution, and values of Cv > 1 represent a clustered distribution,
tending towards power-law (e.g. Gillespie et al., 1993 and Mäkel, 2007).
Connectivity is dependent on fracture orientation and length and it can only be quantified in 2D
measurements of fracture arrays. As for fracture orientation, where differently oriented fractures
increase the probability of intersection, long fractures also increase the probability of intersection
and connectivity in the system.
5.2.2 Distribution types
Fracture attribute populations are often described by four main types of statistical distributions
(Fig. 5.4, e.g. Bonnet et al., 2001 and McCaffrey et al., 2003) with specific and different physical
significance. A common way to distinguish between the distributions is to use cumulative fre-
210
Scaling of fault apertures and lengths in Devonian Orcadian Basin in Caithness, Northern
Scotland
quency (population) graphs. A cumulative frequency graph is a visual representation that quanti-
fies how many fractures have been intersected for specific attribute values. It is created by plotting
sorted attribute values versus cumulative frequency. A fracture intensity plot is created by dividing
progressive fracture numbers by the total length of the transect (or sum of the spacing), or by sam-
ple area in 2D. By using fracture intensity plots, different scales can be considered and compared
on a single cumulative frequency population plot.
The four distribution types are: Normal or Gaussian distributions: Normal distributions are
widely used in statistical analysis and are represented by values being uniformly distributed around
a mean value (e.g. bell-shaped curve in Fig. 5.4a bottom). The dispersion of the distribution
around the mean value S is described by the variance and standard deviation SD. The resulting
interpolation curve in a linear-linear population plot is a slightly curved line (Fig. 5.4a top).
Geological variables do not commonly follow this symmetric distribution (Bonnet et al., 2001).
Log-normal distributions: On a population plot, a log-normal distribution is represented as an
almost straight line, when the x-axis is plotted as a logarithmic scale and the y-axis is linear (Fig.
5.4b top). Log-normal distributions are produced by systems with a characteristic length scale,
for example lithological layering or the spacing and height of stratabound fractures in sedimentary
rocks (Fig. 5.4b bottom) (Narr, 1991 and Olson, 2007).
Exponential, Random or Poisson distributions: Exponential distribution plots are represented
by an almost straight line when the x-axis is on a linear scale and the y-axis is logarithmic (Fig.
5.4c top). High slope values represent a population where a large number of fractures show small
attribute values (e.g. spacing, length, aperture) while low slope values represents a population
where a large number of fractures show large attribute values (Fig. 5.4c bottom). This distribution
is characteristic of a system with a randomised variable.
Power-law distribution: On the population distribution plot, scale-invariant, power-law distribu-
tions are represented by a straight line on a log-log plot (Fig. 5.4d top). A power-law distribution
F(w) can be expressed as
F(w) = Aw−a (5.4)
where w is the abscissa value for a fracture attribute, a is the slope of the power-law distribution
(also known as the D-value) and A is a constant. In each case, the parameter is denoted by the
subscript so al is the length exponent and aap is the aperture exponent. The exponent is a key pa-
rameter for describing a power-law distribution and it is also referred to by many authors as the
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"fractal dimension" which provides a measure of fracture clustering. For example, in a spacing dis-
tribution plot, low power-law exponent values represent larger spacing values and therefore tighter
clusters in the dataset (Gillespie et al., 1993). The physical meaning of a power-law distribution
is that the analysed fracture attribute dataset exhibits fractal geometry and shows scale-invariance
(Fig. 5.4d bottom). This means that the relative number of small and large elements remain the
same at all scales between the upper and lower fractal limits (Barton, 1995).
The major characteristic of a power-law distribution is the absence of a characteristic scale length
in the fracture growth process (Zeeb et al., 2013). Although some fracture populations are better
described by limited scale laws, such as log-normal or exponential distributions, it is generally
accepted that power-law distributions and fractal geometry provide a widely descriptive tool for
fracture system characterization (e.g. Bonnet et al., 2001). In general terms, the best-fit in a power-
law distribution should be consistent over at least one order of magnitude (Walsh & Watterson,
1993 and McCaffrey & Johnston, 1996). Exponent values provide a useful comparison for fracture
attribute parameter behaviours between different datasets and at different scales.
Resolution effects are often imposed on fracture distributions by sampling issues (e.g. censoring
and truncation - see below) and can result in an incomplete description of the full population. For
instance, if smaller fractures are incompletely sampled in a power law population, the resulting
plot can resemble a Log-Normal distribution. These resolution effects can mean that the power-
law distribution has often been favoured over other distributions because of its greater physical
































































Figure 5.4: Population distribution plots for the four main distribution types with relative best-fit equations (top) and sketch of physical meaning (bottom). In the distribution
plots, datasets are shown as grey diamonds and typical best-fit are shown as red dashed lines. (a) Normal or Gaussian distribution (linear-linear axes), (b) Log-Normal distribution
(linear-logarithmic axes), (c) Exponential distribution (logarithmic-linear axes) and (d) Power-law distribution (logarithmic-logarithmic axes).
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The reliability of the best-fit statistical distributions can be checked using a least squares regression
analysis (R2). R2 is the coefficient of determination and it measures the deviation of the data points
from the best-fit line. It varies between 0 and 1, where 1 indicates a perfect fit to the data points by
the regression line. In the following sections, for each best-fit distribution, the related R2 values
are also provided. The slope a of the power-law distribution (and similarly for the other main
distribution types given in Appendix D) is calculated for the portion of the dataset with the most
robust distribution fit or higher R2 (close to 1). In order to compare datasets, fracture attributes
(spacing, length or aperture) are plotted versus cumulative frequency, following the procedure by
Ortega et al. (2006). The methodology consists of the following steps:
• Create a list of cumulative numbers;
• Normalize the cumulative numbers by the total length of the transect. This step will permit
the comparison of attributes from different areas, data sources and/or scales;
• Simplify the dataset by removing repetitive values and keeping only the value with the
higher cumulative number (or lower cumulative frequency);
• Sort the normalized cumulative frequency values, from high to low;
• Sort the attribute values (e.g. spacing, aperture, length), from low to high;
• Plot the attribute versus the cumulative frequency.
For quantifying aperture attributes during fieldwork, I used an aperture size comparator (10−5 to
10−4 m) (inset in Fig. 5.6c) which helped to improve the quality of the dataset by providing a
larger range of recorded apertures and therefore reducing censoring effects.
The use a thickness comparator in this way provides a non-continuous measure of the attribute
which has the effect of producing a stepping curve when aperture is plotted vs. cumulative fre-
quency (see grey aperture distribution plots in Appendix D). In order to avoid this artefact in the
plots, fractures with the same aperture size have been removed following the Ortega et al. (2006)
procedure. This simplification often drastically reduces the data that appear on the plot (see table
in Appendix D) explaining why the resulting aperture distribution plots can sometimes appear to
be poorly defined curves (in each case the number of observations n is provided).
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5.2.2.1 Sampling Bias: Truncation and Censoring
Because of the scale of any analysis carried out, the sensitivity of the device and the size of the
outcrop, sampling bias problems represent a constant issue in fracture analysis.
Orientation Bias occurs when the transect direction and the master fault in the area lie at a non-
orthogonal angle. A transect trending obliquely to the major fault set generally produces an un-
derestimation of fracture density because the measured spacing is bigger than the real one. The
Terzaghi correction can be applied to the measured values to deal with this problem, allowing tran-
sects at an oblique angle to fracture systems can be collected and corrected (see e.g. sub-regional
transect in this study) (Fig. 5.5).
Figure 5.5: Graphical representation of the Terzaghi’s Correction, consisting of multiplying the scanline
spacing Si by the sine of the angle a between the main trend of the fractures and the scanline (Mäkel et al.,
2007 modified).
Censoring Bias occurs due to an underestimation of the frequency of large faults and it generally
occurs because of the limited outcrop size (or choice of the sampling area). In a power-law plot
it results in a rapid increase of power-law slope in the upper scale range of the attribute on the
abscissa (Fig. 5.4d).
Recent studies conducted on natural examples and simulations (Zeeb et al., 2013) have shown
that sampling areas should contain between 150 and 300 fractures, of which approximately 50%
should have at least one end visible. However, it is rare to find such large datasets in nature and to
be able to maintain the recommended number of fractures after simplification processes have been
applied (see Table in Appendix D). As pointed out by Nixon (2013), measuring fracture lengths
between two intersections (branches) reduces the censoring effect because branches are generally
smaller than the full fracture length and are therefore more likely to be contained entirely within a
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single outcrop.
Truncation Bias occurs due to the resolution of the detection device: resolution of aerial photos
at regional scale, of the human eye at outcrop scale and of the microscope at microscale. It leads
to an underestimation of frequency of small fractures and, in a power-law plot, is manifested by a
decrease of power-law slope at the lower bounds of the scale range on the abscissa (Fig. 5.4d).
As shown in this study, both censoring and truncation bias effects can be reduced by using a
multiscale approach (Fig 5.6). The comparison of datasets from different scale ranges in the same
cumulative frequency plot enables us to use relatively small individual datasets (spanning one
order of magnitude) that have lower statistical significance individually. By connecting the datasets
from different scales with a single best-fit slope, the scaling exponent can be more confidently
extended over wider scales of observation.
5.2.2.2 Fitting method for aperture vs length plot
Line-fitting methods are used to produce best-fit lines for clouds of data and therefore to estimate
the relationship between the two variables. In our case study, the two variables x and y are aperture
and length, respectively, and I will show that they can be described by the following equation:
y = ax−b (5.5)
By taking the log-transform of the above equation, it can be expressed as:
Y = log(a)+bX (5.6)
or
Y = c+bX (5.7)
where Y = log(y), X = log(x), and c = log(a).
In order test the statistical hypothesis that aperture and length are related by the above equation,
I calculate the p-value following the Holm- Bonferroni Method (Holm, 1979) using a threshold
value of 0.05. If the p-value is less than or equal to 0.05, the test suggests that "the observed
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data are inconsistent with the null hypothesis, so the null hypothesis must be rejected, while if
the p-value is far from zero and close to 1, the observed data are not inconsistent with the null
hypothesis, and the chosen fitting method can be applied" (Light et al., 2009). However, having a
p-value larger than 0.05 does not prove that the tested hypothesis is true.
Warton et al. (2006) provide an exhaustive review of three different line-fit methods: linear re-
gression or ordinary least square (OLS); major axis (MA); and standardised major axis (SMA).
The difference between them is the direction in which the associated equation error (or natural
variability) is measured (Warton et al., 2006).
For the linear or Ordinary least square (OLS) method, the error is measured vertically. For the
major axis (MA) method it is measured perpendicularly (shortest distance) to the line and for the
standardised major axis estimation, it is measured by reflecting the fitting line across the Y-axis.
In other words, the OLS method considers the X-variable to be "fixed" and its main aim is to
determine what the value of Y is expected to be, whilst the MA and SMA methods are used to
predict the relationship between the two variables, eliminating the dimensionality of the problem.
In particular, MA is used when the X and Y direction have same importance, while SMA is
typically used when the two variables are not measures on comparable scales and it is deemed
necessary to emphasize the different weightings of the data (Warton et al., 2006). In our study, for
example, aperture and length are not comparable in scale ranges and therefore SMA is considered
to be the preferred method. However, in Section 5.6.4, I will report all the calculated line-fit plots
using the three different methodologies.
5.2.3 2D methodology
In order to describe and characterize a complex 2D network of fractures, topology can be used
(Nixon, 2013). A topology defines the relationship between the geometrical elements of a system
in a given space. A fracture array is typically composed of nodes and branches. Nodes are points
where a fracture terminates (I-type node), abuts against another fracture (Y-type node) or intersects
another fracture (X-type node) and branches are the portions of a fracture confined between two
nodes. A branch is defined as an I-I type (isolated branch) if it is delimited by two I-nodes, an
I-C type (singly connected) if it is delimited by one I-node and one Y or X-node and a C-C type
(multiply connected) if it is delimited by two Y or X-nodes.
The number of branches and nodes is strictly related so, by knowing one of the two elements for
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the fracture network, it is possible to quantify its components. NI , NY and NX X are the number
of I-, Y- and X-type nodes and PI , PY and PX are their relative proportions. Once the number of
nodes and/or branches which constitute the fracture array are known, it is possible to quantify the
connectivity of the system in two different ways: either through use of ternary diagrams which
provide the relative abundances of nodes or branches; or by considering that X-type nodes provide
4 times more connectivity than I-type nodes, and Y-type node provided 3 times more connectivity
than I-type nodes.
Connectivity can therefore be quantified by measuring the number of connections per line nC/L
and the number of connections per branch nC/B.
Knowing the number of connections NC, expressed by:
NC = Nx +Ny, (5.8)
the number of lines (NL) is expressed by:
NL = (NI +NY )/2 (5.9)
and the number of branches (NB) expressed by:
NB = (NI +3NY +4NX)/2 (5.10)
Connectivity can be expressed as the average number of connections per line, nC/L:
nC/L = 2NC/NL = 2(NY +NX)/NL (5.11)
or by the number of connections per branches, nC/B:
nC/B = 3(NY +4NX)/NB (5.12)
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5.3 Geological Setting
5.3.1 Location & regional structure
The studied siliciclastic strata belong to the Devonian Old Red Sandstones (ORS) exposed in
Caithness region, North Scotland. They are part of the Orcadian Basin System that covers a
large part of onshore and offshore northern Scotland and probably belonged to a regionally linked
system of basins extending northeastward to western Norway and perhaps northwestwards to East
Greenland (Fig. 5.6a, Seranne, 1992; Duncan & Buxton, 1995). The large majority of the onshore
sedimentary rocks of the Orcadian basin in Caithness belong to the Middle Devonian ORS which
sits unconformably on top of eroded Moine basement. The rocks analyzed in this chapter have
been used for many years as an onshore analogue for the Clair Group structures (e.g. Allen &
Mange-Rajetsky, 1992; Duncan & Buxton, 1995; see Chapter 1)
As discussed in Chapter 4, new fieldwork confirms that the onshore Devonian sedimentary rocks
of the Orcadian basin in Caithness host significant localized zones of fracturing, faulting and
some folding on all scales. New field and microstructural analyses have revealed 3 main groups
of structures based on orientation, kinematics and infill. In summary, these are as follows:
Group 1 faults trend mainly N-S and NW-SE and display predominantly sinistral strike-slip to
dip-slip extensional movements. They form the dominant structures in the eastern regions of
Caithness closest to the offshore trace of the Great Glen Fault. Gouges/breccias associated with
these faults display little or no mineralization or veining. It is suggested that these structures are
related to Devonian ENE-WSW transtension associated with sinistral shear along the Great Glen
Fault during Orcadian and proto-West Orkney basin formation (Wilson et al., 2010; Chapter 4 this
thesis).
Group 2 structures are closely associated systems of metre- to kilometre-scale N-S trending folds
and thrusts related to a highly heterogenous regional inversion event recognized locally throughout
Caithness. Once again, fault rocks associated with these structures display little or no mineraliza-
tion or veining. Group 2 features are likely related to late Carboniferous – early Permian E-W
shortening associated with dextral reactivation of the Great Glen Fault (Coward et al., 1989; Ser-
anne, 1992; Chapter 4 this thesis).
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Figure 5.6: (a) Location map of the North Sea with the outline of the Orcadian Basin (light blue area). (b)
Schematic geological map of the North Scotland showing the interpreted lineations by Wilson et al. (2010)
and the trace of the regional scale transects. (c) Example of Landsat aerial image showing the trace of the
sub-regional scale transect at Dounreay. (d) Oblique view of the platform at Castletown. The meter ruler and
the red arrows show the trace of the transect CastletownTr1 (mesoscale) and its starting and ending points,
respectively. Aperture comparator tool in figure inset. (e) Outcrop photograph of the NE-SW fault plane
where the sample for the thin-section Sk04 was collected from (yellow star), thin-section photograph (top)
with and merged microphotographs with detail (right). The trace of the scanline is shown by a continuous
red line and a reference line is shown in blue.
Group 3 structures are dextral oblique NE-SW trending faults and sinistral E-W trending faults
with widespread syn-deformational carbonate mineralisation (± pyrite and bitumen) both along
faults and in associated mineral veins (Dichiarante et al., 2016, Chapters 3 and 4 this thesis). In a
few localities (e.g. Brough, Skarfskerry) oblique reactivation of large pre-existing Group 1 faults
has led to complex zones of localized transpression or transtensional folding, faulting and inver-
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sion synchronous with the carbonate and associated mineralisation events. Re-Os model ages of
syn-deformational fault hosted pyrite in Caithness yield Permian ages (ca. 267 Ma; Dichiarante
et al., 2016; Chapter 3 this thesis). This is consistent with the field observation that Group 3
deformation is synchronous with the emplacement of ENE-WSW-trending lamprophyres east of
Thurso (ca. 268-249 based on K-Ar dating; Chapter 2 this thesis). Stress inversion of fault slick-
enline data associated with the carbonate-pyrite-bitumen mineralization suggest NW-SE regional
rifting (Dichiarante et al 2016; Chapters 3 and 4 this thesis), an episode also recognized farther
west in the Caledonian basement of Sutherland (Wilson et al., 2010). Thus from St. John’s Point
to Cape Wrath, Permian age brittle faults dominate the north coast of Scotland, forming part of
a regional-scale North Coast Transfer Zone translating extension from the offshore West Orkney
Basin westwards into the North Minch Basin (Dichiarante et al., 2016).
In the present study, fracture attribute analysis focussed primarily on areas where Group 3 struc-
tures are dominant or on locations where there is good field evidence that pre-existing Group 1
faults have undergone significant later reactivation synchronous with Group 3 age deformation
(e.g. Brims, Thurso, Castletown). This approach is justified based on the fact that the Group
3 structures are the only set widely associated with syn-faulting mineralization and bitumen and
have therefore clearly acted as fluid channelways in the geological past (see Chapter 2). There is
also good evidence for the preservation of open fractures and vuggy cavities consistent with these
fractures continuing to be good potential fluid flow pathways at the present day. No such features
are found to be associated with Group 1 or Group 2 structures (see Chapter 3). Thus I argue that
the Group 3 structures are the best direct analogue for the oil-bearing fracture systems that occur
in the Clair Group reservoir in the subsurface, although I recognise that these fractures may not
be exactly the same age. Note, however, that during the data collection, all fractures were never-
theless recorded since it cannot always be proved beyond all doubt that specific structures were
definitely formed synchronous with Group 3 deformation, i.e. it cannot be ruled out that some of
the fractures collected were in fact Group 1 or Group 2 structures.
5.3.2 Previous comparisons between Caithness & the Clair Group offshore
Regional fault interpretation studies conducted on the Clair sedimentary cover by Pless (2011)
suggested that a prominent set of NE-SW trending faults observed in the top basement seismic
horizon can be extended up into the cover, suggesting a Late Jurassic/ Early Cretaceous or pos-
sibly younger age for these structures. They are thought to play an important role for fluid flow
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(Coney et al., 1993; Pless, 2011). As discussed in Chapter 2-4 (and Dichiarante et al., 2016),
widespread NNE-SSW to NE-SW trending faults in Caithness area represent an important defor-
mation event related to the development of the contiguous offshore West Orkney Basin (WOB)
during the Permo-Triassic. Field evidence from areas where both basement and cover rocks are
exposed show that these structures are also continuous into the underlying basement rocks (Wil-
son et al., 2010). Bitumen and other mineralisation (calcite, base metal sulphides) are widely
associated with these structures.
Coney et al. (1993) showed that fault patterns in the Caithness field analogue consist of a num-
ber of sub-vertical fractures which exhibit a similar range of fracture frequency to those seen in
the Clair Group. They tried to use observations from the onshore analogue in Caithness to ad-
dress the issue of how best to upscale fracture parameters constrained in field analogues into the
reservoir-scale flow models. In the Precambrian basement of the Clair field, the average frequency
is 1-2 fractures per metre, but it reaches 10-30 fractures per metre in localized zones thought to
correspond to "fracture corridors" and larger fault zones (Pless, 2011). It was also concluded that
these structures are likely to have a significant permeability and are believed to be important for
well drainage because of their continuity up into the overlying Clair Group, although their fre-
quency decreases to 5 - 10 fractures per metre (Coney et al., 1993). The results were incorporated
into the Clair Ridge model and fracture types were classified according to spacing: "first order"
consisted of regional fault zone with 1 - 1.5 km spacing, "second order" consisted of intermediate
fault zones with 100 - 200 m spacing and ‘third order’ consisted of small-scale faults with 30 - 35
m spacing (Coney et al., 1993). However, their study did not define fracture sizes thus limiting the
usefulness of this approach.
In the present study, transects were performed at different scales in the Caithness area resulting in
datasets from regional- (km scale) (Fig. 5.6b) and sub-regional- (102 m to dam scale) (Fig. 5.6c),
outcrop- (m to cm) (Fig. 5.6d) and micro-scale (µm) (Fig. 5.6e).
5.4 Results from the 1D analyses
5.4.1 Regional and sub-regional scale transects
Preliminary transect data have been collected at a regional scale using a lineament interpretation
map created by Wilson et al. (2010). In their study, the lineament analysis was conducted at
222
Scaling of fault apertures and lengths in Devonian Orcadian Basin in Caithness, Northern
Scotland
1:100,000 scale extending from Lewisian basement outcrops in western Sutherland eastwards into
the Devonian Old Red Sandstones of Caithness. I performed two new transects (WilsonTr1 and
WilsonTr2) trending orthogonally to the Brough-Risa Fault, the major N-S trending basin-scale
fault in Caithness (Fig. 5.6b). Only 16 and 11 lineaments are intercepted in WilsonTr1 and
WilsonTr2, respectively. Although, datasets with less than 30 data points usually give poorly
defined distributions on graphical presentations, it was felt that the data from these two transects
would be of value in the multiscale approach adopted here. Transect WilsonTr1 intersects mainly
NE-SW and NW-SE trending lineaments, while transect WilsonTr2 intersects mainly N-S and a
few NE-SW trending lineaments (Fig. 5.7a).
At the sub-regional scale, transects have been performed on lineament maps produced from
Google Earth Landsat Images at 1:1000 scale. These datasets are limited to wave-cut platforms
on the coast because the flat topography and thick cover of drift and soil obscures the structures
inland. The picked lineaments have been verified during fieldwork and are mainly fractures and
joints. The narrow width of the platform limits the analysis possible to only one transect in each
locality (Dounreay, St. John’s; see Fig. 5.6c). Fracture strikes and spacing measurements have
been corrected using the Terzaghi’s Correction (see dashed red and blue lines in the rose diagrams
in Figs 5.7b-c).
The transect at Dounreay is NE-SW trending and intersected 76 lineaments while, the transect
at St. John’s Point is E-W trending and intersected 70 lineaments. Intercepted lineaments at
Dounreay are mainly NW-SE and NNE-SSW trending, with a subset of NE-SW lineaments (Fig.
5.7b). At St. John’s, the great majority of lineaments trend ENE-WSW with subsets of N-S and
NW-SE trending features (Fig. 5.7c).
5.4.2 Mesoscale transects
Six transects were measured at the mesoscale in three field localities: Brims Ness, Castletown
and Thurso. In each outcrop, the position, direction and length of the transects were chosen with
reference to the trend of the basin-scale master faults in each area (e.g. ENE-WSW at Castletown
and NNE-SSW at Thurso and Brims Ness). At Castletown and Brims Ness, two transects were
carried out to record the full range of fracture orientations: one parallel and one perpendicular
to the master fault set. Transects at Thurso differ from the others because they occur next to a
fault zone, resulting in higher values of fracture intensity (see Table 5.5). These transects are also
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shorter (< 4 m) and record exclusively veins. Each transect locality is characterized by one (e.g.
in Thurso) or more fracture sets (e.g. in Castletown and Brims Ness). Where two sets of fractures
are present, they generally intersect at high angles to one another.
The transect Brims Tr1 intersects 101 fractures trending mainly WNW-ESE (mean value 106◦-
286◦), but N-S (7 fractures) and NE-SW (20 fractures) trending fractures were also recorded (see
rose diagram in Fig. 5.7d). For 31 fractures, dip values were also recorded, and reveal that the
WNW-ESE fractures are generally steeper with dip values between 65◦ and 90◦ whilst the NE-SW
trending fractures show dip values between 63◦ and 80◦. Two shallow fractures (dip values of 8◦
and 17◦) were also measured (see stereonet in Fig. 5.7d).
The transect Brims Tr2 was taken approximately perpendicular to Brims TR1 and intersects 75
fractures that trend mainly NE-SW (mean value of 046◦). A few NW-SE (5 fractures) trending
fractures were also measured (Fig. 5.7e). For 10 of these structures (NE-SW trending), dip values
(62◦ to 85◦) were recorded (Fig. 5.7e).
The transect Castletown Tr1 intersected 54 mainly ENE-WSW to E-W (23 data) trending fractures
and subordinate NNE (13 data) and NE (16 data) trending fractures. Two WNW-ENE fractures
were also recorded (see rose diagram in Fig. 5.7f). For 9 of these fractures, dip values between
75◦ and 90◦ were measured (see stereonet in Fig. 5.7f).
Castletown Tr2 intersected 65 fractures NE-SW (21 data), NNE-SSW (15 data) and NW-SE (26
data) trending (see rose diagram in Fig. 5.7g). For 5 of these fractures, dip values were recorded.
They are steeper for the NNE-SSW and NW-SE trending fractures (between 70◦ and 88◦) and
shallower (38◦) a for N-S fractures (see stereonet in Fig. 5.7g).
The transects Thurso Tr1 and Thurso Tr2 intersect 48 and 40 veins, respectively. All the veins are
NNE to NE trending (see rose diagram in Fig. 5.7h).
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Figure 5.7: Rose diagrams of fracture orientation data for the transects at (a) regional scale, (b,c) sub-
regional scale and (d to h) mesoscale. Note that the transect strike is corrected for the transects at sub-
regional scale (dashed blue lines in rose diagrams). Lower hemisphere equal area projections of measured
data for Brims Ness (d and e right) and Castletown (f and g right) are also shown. Data are shown as
contours of pole to planes. (i) Ternary plot providing an estimation of the different type of fracture branches
intersecting each transect.
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Mesoscale Type Kinematic II IY IX YY YX XX
Brims Tr1 joints = 80; veins






11 21 7 27 19 16
Brims Tr2 joints = 73; fault
with no infill =2
tensile to dip-slip
= 75
3 10 11 8 22 21
Castletown Tr1 joints = 31; veins
= 23
14 13 10 4 9 4
Castletown Tr2 joints = 50; veins
= 14; fault no in-
fill = 1
8 10 7 11 17 12
Thurso Tr1 veins = 48 tensile = 48 33 11 0 3 1 0
Thurso Tr2 veins = 40 tensile = 40 11 13 0 6 8 2
Table 5.2: Data type, kinematic and terminations recorded for the mesoscale transects. I-I = "isolated
branch", delimited by two I-nodes. I-Y and I-X = "singly connected" branches, delimited by one I-node
and one Y or X-node. YY, YX and XX = "multiply connected" branches, delimited by two Y or X-nodes
or one Y and one X-node.
For each transect, fracture termination type, kinematics and type of fractures were recorded and
are reported in Table 5.2. Although fracture terminations are more usefully assessed in a 2D
analyses, I recorded the nature of fracture branch terminations for each structure intersecting the
transect line. These data are reported in a ternary plot (Fig. 5.7i) using the methodology outlined
by Nixon (2013). The plot shows that termination data do not cluster in a single specific area (i.e.
one type of fracture termination does not dominate and all types are generally present) although
they mainly show intermediate to high connectivity, except for transect Thurso Tr1, which shows
a more isolated pattern. A more exhaustive analysis of connectivity is provided in Section 5.7.
5.4.3 Microscale transects
At microscales, one transect was performed on the thin-section taken from sample Sk04 (Fig. 5.6e
right). The fault rock was chosen after fieldwork analysis because of its large thickness of fault
rock and micro-fractured appearance. During fieldwork, I also ensured that the age of this fault
was the same of other structures analysed at different scales. The fault rock, from which the thin-
section has been produced, is a typical example of a NE-SW trending fault with normal dextral
oblique kinematics, filled with carbonate mineralization and red stained (hematite) fault rocks
(Fig. 5.6e left). This mineralization is characteristic of Permo-Triassic aged faulting in Caithness
(see Chapter 2).
The oriented thin-section was analysed under an optical microscope and spacing, aperture and the
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lengths of microfractures recorded. Microphotographs were merged and the transect was drawn
in CorelDraw X3 in a direction orthogonal to the "major" NE-SW mesofracture.
5.5 Population data
All data sets were plotted on all four different types of population plots (linear-linear, linear-
logarithmic, logarithmic-linear and logarithmic-logarithmic) and these plots and relative a and R2
values for spacing, length and aperture are shown for reference in Appendix D. In this section, the
best fit distributions for these attributes as determined by the R2 value are reported.
Figure 5.8: Exponential distribution plots of spacing attribute for transects at (a, b) regional scale, (c, d)
mesoscale and (e) microscale. a and R2 are shown on side for each dataset
Table 5.3 shows the recorded range values of spacing, aperture and length for each of datasets.
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Spacing population plots are centred at 1.39 x 102 m and 1.72 x 102 m at regional scales, 4.03 x
101 m and 29.55 m at sub-regional scales; between 6.52 x 10−2 m and 4.91 x 10−1 m at mesoscales
and at 6.48 x 10−4 m for microscales (see population symbols on the abscissa in the plots in Fig.
5.8). Regression analysis of the cumulative spacing plots has been carried on lin-lin, lin-log, log-
lin and log-log plot types and reveals that the cumulative plots of spacing are best described by a
random/exponential or lin-log distribution (Fig. 5.8).
Transect Name Spacing Range (m) Length Range (m) Aperture Range (m)
Wilson Tr1 3.7x103 to 3.4x102 2.3x104 to 7.4x102 -
Wilson Tr2 3.8x103 to 1.78x101 1.8x104 to 6.4x102 -
Dounreay 2.6x102 to 8x10−1 4.8x102 to 3.5 -
St. John’s 1.5x102 to 1.2 2.6x102 to 7 -
Brims Tr1 1.3 to 4x10−3 7.6 to 1x10−2 3x10−2 to 1x10−5
Brims Tr2 8x10−1 to 2x10−3 12 to 5x10−3 1.5x10−2 to 5x10−5
Castletown Tr1 3.2 to 5x10−3 12 to 1.1x10−1 1.5x10−2 to 1x10−5
Castletown Tr2 4.6 to 2x10−2 9 to 1.1x10−1 3x10−2 to 1x10−5
Thurso Tr1 2x10−1 to 3x10−3 2.3 to 3.5x10−2 5x10−3 to 1x10−5
Thurso Tr2 3.3x10−1 to 5x10−3 0.9 to 1.8x10−2 3x10−2 to 1.5x10−4
Sk04 2.2x10−4 to 1.2x10−6 2.8x10−3 to 1.9x10−4 4.6x10−5 to 1.5x10−6
Table 5.3: Range of the Spacing, Length and Aperture values for each Transect
Figure 5.9: Population distribution plots of length for transects at (a) regional scale, (b) sub-regional scale,
(c) mesoscale and (d) microscale. al and R2 values are shown on side for each dataset.
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Length population plots are centred between 3.39 x 103 m and 4.21 x 103 m for regional scale
transects, 4.1 x 101 m and 4.27 x 101 m for sub-regional transects and at 1.2 x 10−1 m and 3.4
x 10−1 m for mesoscale transects and 7.29 x 10−4 m for the microscale transect (see population
symbols on the abscissa in Fig. 5.12a). Cumulative plots of length reveal that the data are best
described as power-law distributions (Fig. 5.9). al values vary between -0.874 and -1.078 at the
regional scale (Fig. 5.9a), -1.086 and -1.019 at the sub-regional scale (Fig. 5.9b), -1.266 and
-0.868 at the mesoscale (Fig. 5.9c), and -1.082 at the microscale (Fig. 5.9d).
Aperture population plots are centred between 2.12 x 10−3 m and 2.24 x 103 m for mesoscale
transects and 8.31 x 10−6 m for the microscale transect (see population symbols on the abscissa in
Fig. 5.12b). Cumulative plots of aperture reveal that the data follow a power-law distribution (Fig.
5.10). aap values vary between -0.668 and -0.952 (with most of them about -0.8) at mesoscales
(Fig. 5.10a) and -1.196 at microscales (Fig. 5.10b). At the mesoscale, the intensity of fractures
with 2.5 x 10−2 m (25 mm) aperture is about 0.03 m−1 (corresponding to a 34 m spacing) and
the intensity of fractures with 4 x 10−4 m (0.4 mm) aperture is between 0.67 m−1 and 12.5 m−1
(corresponding to 8 cm to 1.5 m spacing). At microscales, the intensity of fractures with 2.9 x
10−5 m aperture is about 156.25 m−1 (corresponding to a 6 mm spacing) and the intensity of
fractures with 3.9 x 10−6 m aperture is about 256.41 m−1 (corresponding to 0.6 mm).
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Figure 5.10: Population distribution plots of aperture attribute for transects at (a) mesoscale and (b) mi-
croscale. aap and R2 are shown on side for each dataset.
5.6 1D fracture population results
In this section, I analyse and compare the datasets collected from the different locations (see Ta-
ble 5.4) and scales that were introduced in the previous section. The datasets are investigated
individually first then considered collectively. In Section 5.6.1, the decision regarding which dis-
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tribution best describes the data and the associated uncertainties is reported (see also Appendix
D). In Sections 5.6.2 and 5.6.3, the scaling relationships for the fracture attributes are shown on a
single population plot and also on a multiscale population plot. The aperture-length correlation is
discussed in Section 5.6.4 and in Section 5.6.5 a comparison with literature data is provided.
Transect Name GPSs N L (m)
Wilson Tr1 ND 18351 75022 16 22310.02
Wilson Tr2 ND 03054 71126 11 18897.11
Dounreay NC 98340 67080 76 1137.9*
St. John’s ND 29312 74823 70 775.74*
Brims Tr1 ND 04322 71142 99 29.8
Brims Tr2 ND 04360 71157 75 8.72
Castletown Tr1 ND 18885 69104 54 25.64
Castletown Tr2 ND 18922 69088 65 67.3
Thurso Tr1 ND 10899 69071 48 3.207
Thurso Tr2 ND 10914 69036 39 2.575
Sk04 ND 26135 74584 45 0.02572
Table 5.4: Transect data. GPSs = GPS position of the starting point, N= total number of sampled fractures,
L = total length of the scanline and * = Terzaghi’s corrected value.
5.6.1 Analysis of uncertainties: representativity of data populations and reliability of
best-fit distributions
In a statistical analysis, the sampled population should usually be large enough to give a statis-
tically acceptable representation of the population and to determine the distribution type and its
parameters (Bonnet et al., 2001). Fig. 5.11 shows that most of the samples are numerically valid
because after the first 20 measurements (grey area), the standard deviation and the mean of the
population data (the green and black curves, respectively) became reasonably stable. Also, all the
transects in this study show that the standard deviation (green curve in Fig. 5.11) converges to-
wards the mean value curve (black curve in Fig. 5.11) as the size of the fracture population and
length of the transect increases.
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Figure 5.11: Mean spacing and standard deviation as function of fracture number for (a) sub-regional scale,
(b) mesoscale and (c) microscale transects. Fracture intensity in unstable for a relatively small numbers
(< 20) of detected fractures (grey area).
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Most of the populations show a Cv value (defined in section 5.2.1) tending to 1 (see Tab. 5.5) and
Gillespie et al. (1993) pointed out that this is representative of a random distribution (e.g. transects
at St. John’s Point and Castletown Tr2). The R2 values for the power-law distributions for aperture
and length are shown in Table 5.5 and are further discussed in the next section.
Transect Name I (m−1) Cv Clustering Ap: a Ap: R2 L: a L: R2
Wilson Tr1 7.17x10−4 0.68 Non-clustered - - 0.874 0.9818
Wilson Tr2 5.82x10−4 0.81 Random - - 1.078 0.9979
Dounreay 6.67x10−2 1.33 Clustered - - 1.086 0.9841
St. John’s 9.02x10−2 0.86 Random - - 1.019 0.9947
Brims Tr1 3.32 0.94 Random 0.668 0.99 0.517 & 1.647 0.9896& 0.9912
Brims Tr2 8.6 1.23 Clustered 0.83 0.9824 1.266 0.9847
Castletown Tr1 2.1 1.31 Clustered 0.821 0.9806 0.556 & 2.723 0.9813& 0.9728
Castletown Tr2 0.96 1.09 Random 0.728 0.9864 0.868 0.974
Thurso Tr1 14.97 0.88 Random 0.816 0.9861 0.37 & 1.898 0.97 & 0.9912
Thurso Tr2 15.14 1.26 Clustered 0.952 0.9668 0.393 & 2.168 0.9789 & 0.9839
Sk04 1.75x103 1.06 Random 1.196 0.962 1.082 0.9504
Table 5.5: Transect data: I = fracture intensity and Cv = coefficient of variation, Ap= aperture L= Length,
a =powerlaw coefficient and R2 = regression analysis value
5.6.2 The scalability of fracture attributes
5.6.2.1 Spacing
Spacing values have been plotted on exponential plots as this is the distribution that best-describes
this attribute in the fracture systems of the Caithness Devonian rocks. Characteristically, an ex-
ponential distribution has a mean value that depends on the scale of observation: in this case the
regional scale, sub-regional, mesoscale and microscale (Figs 5.8a-e). Inevitably, the spacing and
intensity/density (inverse of spacing) of fractures is scale dependant. It is important to note that
plotting spacing, or intensity, versus cumulative frequency (which is spacing dependent) will not
provide any further information about the spacing parameter. Similarly, the comparison of spac-
ing distribution plots over different scales is meaningless because it results in plotting for each
scale two parameters that are linearly dependent on logarithmic scale: individual plots will always
align along a coefficient 1 slope, without providing any further information about spacing. It is
useful, however, to compare spacing datasets collected at the same scale range. Two transects in
the same location, but differently oriented can reveal different fracture frequencies. For instance,
CastletownTr1 and BrimsTr2 (Fig. 5.8c) show higher fracture frequency (higher intensity or lower
average spacing) compared to CastletownTr2 and BrimsTr1 (see also intensity values in Tab. 5.5).
Similarly, both transects at Thurso show higher frequency compared to the other mesoscale tran-
sects because of the larger number of small spaced veins (Fig. 5.8d). These transects has been
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measured in the damage zone of a fault. Variations in frequency observed at the same scale are
due the effect of local variation in strain (e.g. vicinity of “major” structures, damage zones).
The coefficients of variation (Cv) for the spacing datasets from the regional and sub-regional data
transects range from 0.68 to 1.3 and for mesoscale transects, Cv values range between 0.88 and
1.31 with Cv> 1 for the majority (4 of 6 transects) (Tab. 5.5). The Cv value for the microscale
transect is 1.06. The Cv values in Tab. 5.5 show that most of the population (91%) is representative
of a random to slightly clustered distribution trending to a power-law relationship.
5.6.2.2 Length and Aperture
In Table 5.5 I report the slope coefficients a and the R2-values for the aperture and length attributes
for all the transects. The slope coefficients aap (aperture slope) range between 0.668 and 1.196 for
aperture and al (length slope) varies between 0.874 and 1.266 for length. Most length distributions
exceed the 1 order of magnitude straight line requirement. A few transects (Brims Br1, Thurso
Tr1 and Thurso Tr2) show a distribution with two distinct slopes: for closely-spaced fractures and
wider-spaced fractures (see Appendix D). Very importantly, the generally high values of R2 show
the reliability of the slope values for both aperture and length parameters.
A single value in the length vs cumulative frequency plot (Fig. 5.9) is indicative of the frequency
of a fracture of that specific length, similarly for aperture (Fig. 5.10). The slope of an individual
population (aap or al) is indicative of the relative frequency of fractures of different apertures
or lengths, where a slope of 1 is indicative of a fractal distribution or self-similar behaviour of
the parameter. The variability in the slope value observed in Tab. 5.5 is therefore attributable to
relative frequency of longer fractures compared to shorter ones (al) and to the frequency of open
fractures compared to less open fractures (aap).
5.6.3 Multiscale Analysis
Length distribution data from all transects have been normalised using the sample line length and
are displayed together on a single population plot (Fig. 5.12a) which enables us to assess power-
law scaling over 8 orders of magnitudes (10−4 to 104). The dashed lines in (Fig. 5.12a) show that
the overall scaling coefficient lies close to a slope of -1. This overall slope is indicative of a fractal
distribution or self-similar behaviour of the length parameter over 8 orders of magnitudes which
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means the fracture array maintains the same statistical properties of length at different scales, and
the slope variability observed in individual datasets results in variation due to local factors (e.g.
damage zones, zones of intense strain) or sampling bias. The aperture datasets collected in the
meso- and micro-scale transects are also shown on a single population plot (Fig. 5.12b) and show
evidence for power-law scaling over 4 orders of magnitudes (10−6 to 10−2) with a coefficient
slope of -1. This overall slope is indicative of a fractal distribution or self-similar behaviour of the
aperture parameter over 4 orders of magnitudes which means that the fracture array maintains the
same statistical properties of aperture at different scales.
Individual locality fracture length cumulative plots show the best distribution (R2 values near to
1) for the sub-regional scale analysis (Fig. 5.12). Although some individual datasets (especially
those from the mesoscale) do not seem to be well-described by a power-law distribution for both
the aperture and length attributes (see plots Appendix D), collectively they align well on a slope
of -1 with some variations in the abscissa intercepts that likely correspond to variations in fracture
intensity. Thus this multi-scale approach can help to reduce the influence of any single dataset and
the approach overall reduces uncertainty in the scaling of attribute parameters over a large scale
range.
5.6.4 Aperture-Length correlation
Aperture and length data are plotted side by side to illustrate the positive correlation between
these attributes over 4 orders of magnitudes (Fig. 5.13). A linear scale aperture versus length
scatterplot in Fig. 5.14a top shows that the data are clustered towards the origin, reflecting the
greater frequency of smaller fractures in the population as expected for a power-law distribution
(Vermilye & Scholz, 1995). Thus the logarithmic scale plot in Fig. 5.14a bottom shows 2 clusters
of data which correspond to the mesoscale population (larger datasets in the centre of the figure)
and the microscale population (single dataset at the bottom left). Fieldwork data present, mainly at
their lower aperture limit, a series of vertically aligned data due to the sampling method used in the
field (thickness comparator). In the distribution plots, this artefact was avoided by simplifying the
values showing lower frequency without affecting the statistical meaning of the plot. However,
this is not the case in an aperture vs length plot where each single data point of the cloud is
statistically equally important. The logarithmic plot shows more clearly a positive power-law
correlation between aperture and length and it permits an appraisal as to what is (if present) the
power-law correlation between these two parameters.
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Different line fitting methods (Warton et al., 2006) were investigated to estimate which method-
ology would give a statistically more significant fit to the cloud of data. However, because of the
nature of the data (errors are normally associated with both aperture and length measurements)
and because of the different scales of measurement of aperture and length, the Standardised Major
Axis (SMA) method is considered to provide the best fitting method. Fig. 5.14b shows the Ordi-
nary Least Square (OLS) and Major Axis (MA) and Standardised Major Axis (SMA) line-fits for
each single dataset (blue, red and black thin fit-lines respectively) and for datasets separated by
location (blue, red and grey thick fit-lines) for homogeneous datasets defined by p-value > 0.05
(see section 5.2.2.2). I tested the hypothesis that a fitting relation exists between the all datasets,
but it has been disproved by a p-value < 0.05. Fig. 5.14c shows the overall SMA for microscale
and transects at Thurso (black datasets and thick dark red line-fit) and Castletown and Brims (blue
dataset red fitting line). Values of SMA slopes are 0.55 and 0.85 respectively for Microscale and
veins at Thurso and Castletown and Brims. Considering the variability of the slope coefficients of
the fitting method (see Tab. 5.6), the correlation between aperture and length over different scales
remains to be tested with more microscale datasets in order to check if the relationship observed
for veins at mesoscale could be extended reliably to larger (sub-regional or regional) scales.
Transect Name OLS SMA MA
Sk04 0.39 1.03 1.08
Thurso Tr1 0.48 0.7 0.6
Thurso Tr2 0.53 0.99 0.97
Thurso Tr1&Tr2 0.5 0.8 0.67
Brims Tr1 0.2 0.56 0.26
Brims Tr2 0.28 0.71 0.45
Brims Tr1&Tr2 0.23 0.62 0.32
Castletown Tr1 0.25 0.56 0.33
Castletown Tr2 0.21 0.42 0.24
Castletown Tr1&Tr2 0.22 0.48 0.26
Brims & Castletown - - 0.3
Table 5.6: Ordinary Least Square (OLS) and Major Axis (MA) and Standardised Major Axis (SMA) line-fit
slope coefficients for transects at mesoscale and microscale
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Figure 5.12: Side by side population distribution plots of (a) length and (b) aperture attribute. Dashed lines





















Figure 5.13: Side by side population distribution plots of length (right side of the plot) and aperture (left side of the plot). Dashed lines for aperture (black) and length (red) indicate a
unit slope. Note that the distance between the datasets in different localities (down to mesoscale) represents the relationship in terms of order magnitude between aperture and length.
a and R2 values are shown on side for each dataset.
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Figure 5.14: (a) Aperture vs Length plot in (top) linear-linear and (bottom) logarithmic-logarithmic scale
axes. (b) Ordinary Least Square (OLS) and Major Axis (MA) and Standardised Major Axis (SMA) line-fits
for Microscale and Thurso datasets (top) Castletown datasets (centre) and Brims Ness (bottom) represented
by blue, red and black thin fit-lines, respectively. Blue, red and grey thick fit-lines represent the data-fits
(OLS, MA and SMA respectively) separated by location. (c) SMA line-fits for microscale and Thurso
(black datasets) and Castletown and Brims (blue datasets).
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5.6.5 Comparison with published datasets
In order to compare data from different areas and different scales in the same plot it is necessary
to normalize the fracture population sets in similar ways, either by length or area. I compared our
datasets to equivalent data collected from Devonian Old Red Sandstones in the western part of
Norway (Odling et al., 1999) and seismic maps in part of the North Sea (Yielding et al., 1996).
Odling et al. (1999) investigated fracture length over many orders of magnitudes (0.01 m to 1 km)
from the Hornelen Basin, Norway, pointing out that while individual datasets show log-normal
distributions, the collective datasets show a power-law distribution (black distribution plots in Fig.
5.15a). Yielding et al. (1996) combined mapping from different scales of an extensive 2D seismic
survey and covering 1500 km (larger dataset) and a 3D survey that covers a 220 km sub-area
(smaller dataset). Their data come from a Jurassic horizon cut by end-Jurassic faulting. These
authors reported a power law scaling coefficient based on cumulative frequency normalized by
area (km2) as -2.1 (Odling et al., 1999) which was extended to seismic data from the North Sea
by Yielding et al. (1996). It is interesting to note that when their cumulative frequency data are
normalized by the sample line length (m), the slope coefficient a becomes -1 which is consistent
with the overall slope shown in this study (Fig. 5.15c). This aspect shows that available data from
literature can be used to: (i) extend the area of consistency of the power law distribution by using

































































Figure 5.15: Distribution plots of the Devonian Old Red Sandstones in the western part of Norway by Odling et al. (1999) (in black) and from seismic maps of the North Sea by
Yielding et al. (1996) (in grey) in (a) normalized frequency per areal extension in km2 and (b) normalized frequency per length in m. (c) Comparison of the literature distribution plot
above with transects from Caithness area, Scotland.
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5.7 A preliminary 2D population analysis
A preliminary 2D analysis has been conducted on two very different scales: at sub-regional scale
on bathymetric map from the near offshore (Fig. 5.16a) and on the mesoscale on a pavement
outcrop photograph (Fig. 5.17a) to provide quantitative assessments of fracture connectivity and
self-similarity. I chose to perform a 2D analysis on these two areas for two main reasons: (a) both
contain large numbers of obvious fractures spread over a large plan view area and therefore were
most likely to provide a statistically consistent analysis from different 2D methods (e.g. circular
scanlines and box counting); (b) the difference in size between the two areas makes them interest-
ing since it allows us to make comparisons between the fracture networks at different scales.
5.7.1 Bathymetry map
The bathymetry map used for this study is a high-resolution multibeam bathymetry provided by
MeyGen Ltd (IXsurvey Ltd, 2009) in the area between St. John’s Point and Stroma Island (Fig.
5.16a). Interpreted faults from the bathymetric data show ENE-WSW and NNW-SSE orientations.
ENE-WSW trending faults represent are most common (see rose diagram in Fig. 5.16a) and they
show "corridor-like" arrays. The trend of these structures is comparable to the two main fracture
sets detected during the transect analysis at sub-regional scale onshore at St. John’s Point (Fig.
5.7c).
NNW-SSE trending faults are regularly spaced (100 to 200 m) in the central part of the area, while
the ENE-WSW trending faults are present across the entire area. The latter set shows two different
spacing values: less than 100 m for the shorter structures and about 1000 m for larger structures.
The fracture interpretation of the bathymetric image enabled a topological fracture network analy-
sis to be performed on the nodes (points where fractures intersect or terminate) and branches (parts
of fractures located between two nodes). In this study I focused on a nodal analysis to provide a
2D analysis of the array. The bathymetric topology is composed of 698 I-, 123 Y- and 117 X-type
nodes respectively (yellow, orange and red squares in Fig. 5.16a).
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Figure 5.16: 2D analysis of bathymetric data from the area between St. John’s Point and Stroma Island.
(a) Bathymetric map with lineament interpretation and I, Y and X nodes and rose diagrams of lineaments.
(b) Lineament and density map of nodes for the fault network. 1 = I- type nodes density map. 2 = Y- type
nodes density map. 3 = X- type nodes density ma. 4 = All nodes density map. 5 = Y, X - type nodes density
map allowing a qualitative assessment of connectivity.
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Figure 5.17: 2D analysis of outcrop pavement photograph. (a) Photograph with lineament interpretation
and I, Y and X nodes. (b) Lineament and density map of nodes for the fault network. 1 = I- type nodes
density map. 2 = Y- type nodes density map. 3 = X- type nodes density ma. 4 = All nodes density map. 5
= Y, X - type nodes density map, allowing a qualitative assessment of connectivity
I-type nodes are regularly distributed in the area while Y- and X-type nodes are confined to larger
structures that are located in the central part of the map (Fig. 5.16b). X- and Y-type nodes, which
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are the ones which contribute most to connectivity of the system, (Fig. 5.16b left bottom) are
mainly localized along the ENE-WSW trending faults with the highest connectivity where these
faults crosscut NNW-SSE trending structures.
5.7.2 Brims Ness pavement photograph
A similar 2D analysis was carried out using a mesoscale photograph taken from Brims Ness.
Distortion effects were minimized by analysing a single photo taken orthogonally to the outcrop
pavement and by conducting the analysis in a circular area to avoid edge distortions. The photo
shows 3 different sets of fractures: N-S, NE-SW and WNW-ESE trending. The N-S and NE-SW
trending structures form the majority of the fractures. They have straight shapes and crosscut each
other. Three larger WNW-ESE and NNE to NE trending faults were detected. A single curved
WNW-ESE trending fault was also identified (Fig. 5.17a). The mesoscale topology is composed
of 916 I-, 240 Y- and 202 X-type nodes respectively (yellow, orange and red squares in Fig. 5.17a).
5.8 2D fracture population results
In this section, I report fracture connectivity and self-similarity obtained from the two different
locations and scales that were introduced in the previous section. In section 5.8.1 I report numer-
ical values of connectivity and I show density (and connectivity) maps. In section 5.8.2 I discuss
results from the circular scanlines and I show the variability of the connectivity within the 2D
areas. In section 5.8.3 I report results from the box counting method that was used to establish
self-similarity and I compare the results obtained from the two different locations and scales.
5.8.1 2D fracture connectivity
5.8.1.1 Density maps
The fracture connectivity of a 2D array can be investigated both visually by creating density maps
and numerically by calculating the number of connections existing in the 2D map. An array dom-
inated by I-nodes is isolated, while arrays dominated by Y- and X-type nodes are representative of
increasingly more connected networks.
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The number of connections per line (nC/L) and number of connection per branches (nC/B) are
respectively 1.18 and 1.1 for the bathymetry image and 1.53 and 1.22 for the mesoscale analysis
(on a scale value between 0 and ∞ for nC/L and between 0 and 2 for nC/B). This indicates low
overall connectivity for the fracture systems. The nC/L is also shown in tri-plot I-Y-X (inset in the
bottom left of Figs 5.16 and 5.17).
Figures 5.16b and 5.17b show density maps produced from the nodal analysis. For the bathymetry
dataset, the large majority of nodes are localized along a series of NE-SW trending faults (Figs
5.16b and 5.17b top right). In the density map of single nodes, it can be observed that I-nodes are
widespread in the area (Figs 5.16b and 5.17b top left) while Y and X-nodes (Figs 5.16b and 5.17b
centre and bottom left) are mainly associated with NNW-SSE trending faults, producing most of
the connectivity of the system (Figs 5.16b and 5.17b bottom right).
5.8.1.2 Circular scanline results
Circular scanlines were performed to investigate the connectivity of specific smaller areas of the
fracture network. 44 and 22 circular scanlines were performed on the node array derived from the
mesoscale outcrop photograph and the bathymetry dataset (Figs 5.18a and 5.18b), respectively. In
both cases, circular scanlines of three different diameters were used. The number of X, Y and I
nodes for each scanline are plotted in the ternary diagrams (orange for small, blue for intermediate
and green larger scanlines). The data are largely spread from the centre of the ternary plot (Figs
5.18a right and 5.18b right) and the overall spreading of the data is clearly related to the size of
the performed scanlines. This means that connectivity (and number of nodes) varies depending
on the position the performed scanline because of node clustering. Localized areas, corridors at
a regional scale and longer structures at mesoscale, generally provide most of the connectivity of
the overall 2D system and fluid flow is therefore thought most likely to occur along major fracture
planes and where these structures intersect smaller and differently oriented fractures (e.g. Figs
5.16b and 5.17b).
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Figure 5.18: (a left) 2D topological map of bathymetric data and (b left) 2D topological map of outcrop
pavement photograph showing box counting area and example of performed circular scanlines. Ternary
plots of circular scanlines performed on (a right) bathymetric data and (b right) outcrop scale photograph.
5.8.2 Assessing self-similarity on 2D map
Box counting methods were performed in the red boxed areas shown in Figs 5.18a and b at the
mesoscale and regional scale, respectively, to assess whether the self-similarity observed at 1D
scale could be extended into 2D. The population plots shown in Fig. 5.10c show a self-similarity
over 1 order of magnitude for the bathymetry dataset and over 1 order of magnitude for the
mesoscale dataset. Best-fit coefficients were obtained using the box counting method plots per-
formed at the 2 different scales of analysis: -1.77 for the outcrop photograph and -1.81 for the
bathymetry map (Fig. 5.19c). Both best-fit curves yielded R2 values of 0.99. The almost identical
slope of coefficients (1.7) obtained by box-counting method at two very different scales shows that
the fractures sampled at the two different range of scales show the same 2D spatial distribution
(Fig. 5.19c).
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Figure 5.19: Box counting method applied to (a) bathymetric data and (b) outcrop scale photograph. (c)
logarithmic-logarithmic scale plot showing the result obtained from the above maps.
5.9 Discussion
Fracture attribute analyses are often conducted on field outcrop analogues because they can pro-
vide useful information to bridge the gap between fractures imaged in seismic and borehole data.
However, in this study I observed that single datasets at mesoscale do not always show a robust
power-law distribution due to sampling issues being the power-law distributions only valid on a
scale ranging not more than 1-2 orders of magnitudes; this explains why I extended the dataset
study to lager and smaller scales.
Cv values for spacing datasets for 6 out of the 11 transects are close to unity, implying a strong
degree of randomness in the populations. For the remaining 5 (out of 11), Cv values are greater
than 1 implying a slightly clustered pattern, tending towards a power-law distribution (Tab. 5.5).
It is well-known and widely documented that "stratabound" fractures in layered rocks typically
display an exponential/random distribution (Odling et al., 1999; Bai & Pollard, 2000; Cowie et al.,
1993). Fracture size is restricted or pinned by the strata and the spacing is regular and roughly
proportional to the thickness of the layer (Bai & Pollard, 2000). In our study, I obtained random
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distributions mainly at mesoscale and microscale (Cv = 1). This could be the effect of a not-fully
sampled population, or the greater effect at this scale of layering to the fracture propagation. The
scale of measured fracture lengths ranges between 2 x 10−3 m and 4.6 m and it is comparable to the
stratigraphic, or mechanical, layering and lamination of the Old Red Sandstones. At larger scales
(sub-regional to regional) the fractures are seen to clearly cut across the sedimentary layering, but
this more likely influences spacing at meso- and microscales.
Individual fracture distribution plots show a considerable variability in their slopes (see e.g. Fig.
5.9c), but over larger scale ranges, data align almost perfectly along a slope of near -1 scaling
coefficient (see Figs 5.12a-b). A very similar phenomenon was previously observed by Odling
et al. (1999) for length attribute data derived from Devonian Old Red Sandstones in the western
part of Norway.
The analysis of individual datasets (at a single scale range) reduces the scale range in which the
power-law distributions show high reliability – there is more chance for censoring and truncation
to mask the underlying distribution. Therefore caution is needed when using single scale datasets
to estimate a fracture attribute on other scales. By extending the scale range of observation, I have
reduced the effect of censoring and truncation for each single dataset and extended the ranges of
high reliability estimation for a single parameter.
The observed self-similar behaviour of aperture and length attributes for 4 and 8 orders of mag-
nitudes, respectively, implies that over different magnifications (or scales) the dataset structure
remains much the same so that the statistical properties can be attributed to other scales within
that range.
Our approach also allowed us to compare datasets with datasets derived from different areas (e.g.
offshore) over the same range of magnitudes. Spacing values recognized in Clair by Coney et al.
(1993) identified three orders of fracture magnitudes (30 - 35 m, 100 - 200 m and 1 - 1.5 km).
These scale ranges can plotted on a graph in order to predict fracture sizes such as length or aper-
ture (light grey region in Fig. 5.20). Relative length values predicted for the spacing values above
are in the range regional to sub-regional fractures in Caithness with values of 30 - 60 m length
(for fractures with 30 - 35 m spacing), 100 - 150 m length (for with fractures 100 - 200 m spac-
ing) and 1 - 2 km length (for fractures with 1 - 1.5 km spacing). Values of aperture can similarly
be estimated. Values of 30 - 35 m spacing have been also measured in field permitting estimated
apertures of about 0.03 m. For larger spacing faults, values of aperture can be extrapolated by ex-
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tending the slope obtained for smaller scales (light grey area in Fig. 5.20). However, uncertainties
(of 1 to 2 orders of magnitude) remain associated with the estimates made here.
Figure 5.20: Sketch of the side by side population distribution plots of fracture lengths and apertures.
The dark grey areas represent the region where all the aperture (left) and length (right) plots are localized.
Coloured lines represent the distributions at each scale. Orange horizontal lines represent the existing
spacing values for Clair (Coney et al., 1993). Note that I extrapolate the aperture grey area with the slope
derived from the microscale and mesoscale datasets.
In the bathymetric map (Fig. 5.16a), I also observed spacing ranges similar to those observed
by Coney et al. (1993) in Clair. 100 - 200 m spacing for NNW-SSE trending faults and less
than 100 m and 1 km for ENE-WSW trending faults were recognized. Connectivity results from
the bathymetry data have shown that these fractures are locally well connected in plan-view (see
Fig. 5.16b) and transect analysis results have shown that these fractures are potentially open with
apertures of about 10−1 m to 10 m producing, in the latter case, "corridors of open fractures".
These localized regions are believed to provide most of the connectivity of the 2D system and
fluid flow, which is consistent with the distribution of mineralization observed in the field along
corridor-type structures. Knowing the orientation of open faults at basin scale, together with their
spacing and connectivity in plan-view will be crucial to understanding the geometries and fluid
flow characteristics of a reservoir. Statistical analysis of fracture analogues also provide more
reliable information which can be used in reservoir simulation models, for instance, to evaluate
the best regions in a basin to drill and to optimize well placement and orientation.
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As pointed out by Bonnet et al. (2001), very few studies have analysed both the spatial and length
distributions of fracture networks. Also, the distribution types of spacing and other fracture at-
tributes (e.g. length and aperture) can be different. In our case, the spacing of the fractures follows
a random distribution, implying that the fractures are randomly distributed (i.e. non-fractal) while
length and aperture follow power-law distributions with a -1 scaling exponent over large scale
ranges suggesting self-similar behaviour for these attributes.
The aperture of large structures is impossible to detect/predict from seismic analysis and is un-
likely to be measured in boreholes due to their lower frequency of occurrence. Our aperture-
length correlation analysis (Fig. 5.13), allows us to predict the apertures of very large faults (km
scale) knowing their length. Also, power-laws can be used predictively in the basin because mi-
crofracture abundance can be related directly to macrofractures abundance (Ortega et al., 2006
and references therein). For instance, for our study, the intensity of fractures with aperture val-
ues between 10−1 m and 10 m is expected to be between 10−2 m and 10−4 m meaning a spacing
distance of 100 m to 1 km.
The comparison with existing 1D data from the literature (Odling et al., 1999 and Yielding et al.,
1996) and shown in Fig. 5.15 seems not only to validate the results of the analysis carried out
here, but it also shows that this analysis could be extended to similar rock types such as Devonian
reservoirs on the Norwegian Continental Shelf analogous to the Hornelen Basin.
The combination of 1D and 2D data analysis is significant in the characterization of a reservoir and
its associated fluid-flow processes. The correlation between aperture and fracture size (e.g. length)
is known to have a major impact on fracture rock permeability (Odling et al., 1999 and references
therein); isolated fractures show a linear correlation between aperture and length (Vermilye &
Scholz, 1995) while more complex vein arrays suggest a power-law relationship with an exponent
less or greater than 1 (Hatton et al., 1993; Vermilye & Scholz, 1995). I determined the level of
fracture connectivity to predict whether fluid flow is restricted to fracture intersections or whether
it occurs along fracture planes. I observed that connectivity occurs along major fracture planes
(e.g. corridors) and where these structures intersect smaller and differently oriented fractures
(Figs 5.16b and 5.17b).
The analysis of 2D datasets using the nodal counting method has shown low connectivity for the
overall systems due to the dominance of I-type nodes compared to Y and X-types (see ternary
plot in Figs 5.16a and 5.17a) and also because regions of higher connectivity are localized at
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the intersection between larger and smaller structures or in corridors (Figs 5.16b and 5.17b). It
should be remembered that apparently disconnected fractures in 2-D may, however, be connected
in 3D and that the connectivity density maps (X- and Y-type nodes) reported here do not take into
account fracture aperture, and therefore represent a minimum estimate of the real 3D connectivity
of the system. A future development of the 2D methodology should be to combine it with aperture
values derived from the 1D analysis in order to produce "weighted" density maps. This would
likely provide more realistic values of connectivity for the fracture network.
The increase of connectedness is specific to certain areas of the fracture network (e.g. fracture
corridors at sub-regional scale or longer structures at mesoscale). This is probably associated with
the linkage between different structures in areas of localized deformation. It should be expected
that large fractures will form wide damage zones with large volumes of interaction/intersection
between structures. Correlated to this spatial change, large variability in fluid transport within the
2D network should be expected. When considering that the spacing between adjacent fracture
corridors is about 1km on the bathymetry map and that the aperture of similarly spaced structured
(derived from 1D analysis) is ∼10 m, focused fluid flow along these structures is likely.
An orientation analysis of fracture intersections has been carried out on onshore faults and frac-
tures data at St. John’s Point (Fig. 5.21b) given its proximity and geological similarity to the area
covered by the bathymetric map (Fig. 5.21a). A similar plot is also shown for all the faults and
fractures data collected in Caithness (equal area stereonet plot in Fig. 5.21c). Both datasets show
consistent best-fit intersection that is sub-vertical to steeply plunging to east, 73/084 and 78/098,
respectively (yellow diamonds in the stereonet in Fig. 5.21c). The combination of the connec-
tivity information in plan-view derived from bathymetry map and this 3D information derived
from fieldwork shows that fracture corridor structures and fracture intersection will be useful in
constraining the main fluid-flow direction influencing drilling directions. As shown in the block
diagram in in Fig. 5.21c, the calculated steeply plunging fault/fracture intersections would favour
horizontal drilling as opposed to vertical drill orientations.
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Figure 5.21: (a) X and Y-node type density map derived by the bathymetric map from the area between
St. John’s Point and Stroma Island allowing the qualitative assessment of connectivity in 2D plan view and
(b) Landsat aerial image of St. John’s Point showing major interpreted structures. (c) Lower hemisphere
equal area projections of measured offshore data at St. John’s Point (top) and in Caithness) and schematic
block diagram created by combining offshore 2D density map of connectivity and onshore dip values. Note
that the bestfit of faults and fractures data collected onshore at St. John’s Point (yellow diamond in the top
stereonet) is consistent with the bestfit of fault and fractures data collected in Caithness (yellow diamond in
the bottom stereonet).
5.10 Conclusion
In reservoir management, statistical inputs derived from field analogues are important in order to
better understand the geometries of the reservoir, to reduce production costs by providing infor-
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mation on fractures characteristics and by predicting fracture abundance in the inter-well region
on a scale lower than seismic. On the other hand, fracture attributes derived from outcrop need
to be extended over large scale ranges to provide the basis to compare fracture attributes at the
regional reservoir scale.
The Devonian rocks of the Orcadian Basin in Caithness provide a direct analogue for the main
reservoir in the Clair Field, the UK’s largest remaining oil field located in the UK Continental
Shelf. The methodology used here represents an alternative to the use of single-scale datasets
in fracture characterization. I advocate an extended approach that integrates datasets collected at
different scales and combines 1D and 2D analysis. The statistical analysis datasets from different
scales across the Orcadian Basin provide a more robust and detailed insight into the nature and
scalability of the natural fracture networks. Specifically:
• Our 1D analysis has shown that the population distribution of length and aperture of the
onshore datasets reveals a consistent power-law relationship with comparable a values (Figs
5.9 and 5.10).
• The multiscale approach shows scale-invariance. The scalability of single dataset can be
extended from 1-2 orders of magnitude (single plots) to up to 4 and 7 orders of magnitudes
(side by side plots) for aperture and length, respectively. This illustrates the effectiveness of
the multiscale approach (Fig. 5.12).
• The positive correlation between aperture and length is well represented by a power-law
distribution over 4 orders of magnitude. Although, this remains to be tested with more
microscale datasets, I suggest that this methodology might provide a good estimation of
frequency and fracture attributes for large scale (regional) fractures (Fig. 5.14).
• A comparison with published datasets (Devonian Old Red Sandstones in the Hornelen Basin
and seismic data from the North Sea) reveals similar -1 slope coefficients to the one I ob-
tained during the present study in Caithness (Fig. 5.15).
The topological 2D analysis developed in this study has provided the following preliminary infor-
mation:
• The overall connectivity of the 2D system is low and very similar on the two scales of
observation studied (see ternary plots in Figs 5.16a and 5.17a).
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• Connectivity is highly variable in the system and appears to be mainly associated with cor-
ridor structures (e.g. bathymetry map) at a large scale (Fig. 5.16b) and on longer structures
at the mesoscale (Fig. 5.17b). This is particularly important when considering the fluid
transport properties of the system.
• Box counting methods have shown the self-similarity of fracture analysis over about 1 or-
der of magnitude for at bathymetry- and mesoscales. The datasets have almost identical
slopes showing that the fracture arrays over different scale ranges have the same 2D spatial
distribution (Fig. 5.19).
Onshore dataset show sub-vertical fault intersections (3D) showing that horizontal is favoured as
opposed to vertical drill orientations were these rocks to be drilled as a reservoir. The combination
of 2D connectivity density map (plan view) with dip information derived from onshore data of
structures constrain the likely optimal fluid-flow locations and directions.
I conclude that our study demonstrates how useful a comprehensive and multiscale approach to
analogue outcrop studies is to better understanding fracture networks. A 2D approach is essential
to capture fracture interaction, clustering and variability of connectivity in the system. A similar
methodology can be applied in different geological contexts ranging from hydrocarbon exploration
to carbon capture and storage to radioactive waste projects. The straightforward comparison of
datasets makes it easy to apply to different areas, dataset-types and scales (e.g. reservoir scale)
and to extrapolate important information to reservoir modelling and prediction at basin scales.
Data obtained in this study can readily be used to predict and populate block models in Clair
reservoir models (and possibly other analogue reservoirs in Norwegian Continental Shelf) with
differently oriented fractures, incorporating additional information about their length and spacing.
Future development of this methodology should aim to use the extrapolated aperture values from
1D analysis in the 2D topological method in order to produce more realistic connectivity density
maps.
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The main aim of this project has been to carry out a reappraisal of the evolution of structures devel-
oped in Devonian rocks of the Orcadian Basin System in Caithness, northeast Scotland to assess
the suitability and show the implications of using the mainland Devonian Old Red Sandstones as
an onshore analogue for the cover sequences in Clair. An investigation of the age and kinemat-
ics of faults and fractures, including the nature and role of "inversion" structures has been carried
out together with a quantitative analysis of the size and scalability of fracture attributes. The rel-
ative and absolute timing of the structures described in the regional study (presented in Chapter
4) are underpinned by the structural studies and Re-Os dating of faulting in the Dounreay dis-
trict (presented in Chapter 2) and by the field relationships between dyke emplacement and brittle
structures (summarised in Chapter 3). The fracture attribute analysis to quantify size and scala-
bility of fractures in the Orcadian Basin has been carried out and the results compared to other
regions onshore and offshore, including the Clair Group (see Chapter 5).
The three main aspects of the thesis (age and kinematics of faults and fractures, the role of "inver-
sion" structures and fracture size and the scalability of their attributes) together with the suitability
of the Devonian rocks of the Orcadian Basin as an onshore analogue for the Clair cover sequences,
the implications for the Clair Field are now briefly discussed, followed by some suggestions for
future work.
6.1 Major conclusions
As discussed in Chapter 2, structures in the coastal Dounreay district, Caithness are dominated by
a series of N to NE trending faults cutting the Middle Devonian Old Red Sandstone (ORS) rocks.
Field and microstructural observations have shown that the carbonate and base metal sulphide min-
eralization (pyrite, chalcopyrite, chalcocite) characteristically associated with these structures, is
coeval and occurred synchronously with the main phase of dextral transtensional fault movements.
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Re-Os geochronology carried out on two samples of fault-hosted pyrite yielded a weighted average
model age of 267.5 ± 3.4 [3.5] Ma, suggesting that a main phase of extensional-transtensional
faulting cutting the Devonian rocks of the Dounreay district is mid-Permian.
Hydrocarbons (bitumen) are widely associated with the mineralization hosted in these fracture
systems and veins and is thought to have originated from local Devonian source rocks. Bitumen
fills mostly post-date local carbonate and pyrite fills, but likely overlapped in time with the main
phase of mineralization and faulting.
In Chapter 3, the mantle-sourced lamprophyre dykes and volcanic vents of the Orcadian Basin in
Caithness and the Caledonian basement rocks in Sutherland to the west were discussed, together
with their relationships to faults and mineralization. The orientation of the dykes is similar to the
major faults in Caithness and the dykes commonly appear to intrude along pre-existing structures
(e.g. at Faraid Head, Castletown). The lamprophyres belong to a regional dyke swarm recognised
across much of northern Britain that is thought to be related to regional rifting and/or mantle plume
activity during the latest Carboniferous to Early Permian in NW Europe.
The emplacement of the dykes and vents is closely associated both spatially and temporally with
carbonate-base metal sulphide mineralization, and was shortly followed by the influx of small, but
regionally persistent amounts of fracture-hosted hydrocarbons (bitumen). This mineralization is
identical to the regional mineral fills associated with the dominant system of late faults (Group 3
structures) recognized across Caithness (see Chapter 4) and dated in the Dounreay area at ca. 267
Ma by Dichiarante et al. (2016; see Chapter 2). The bitumen development seen in dyke thermal
aureoles also suggests that hydrocarbon generation and dyke emplacement are related events.
Parnell (1985) has previously suggested that a regional phase of burial in the Late Devonian or
Carboniferous was followed by oil maturation in the Orcadian Basin. However, the new field
observations and Re-Os dating presented here, suggest an Early Permian age for oil maturation
based on the apparently the close relationship between local dyke intrusion and hydrocarbon de-
velopment and the fact that hydrocarbon emplacement into fractures generally overlaps with or
immediately post-dates base metal sulphide mineralization at ca. 267 Ma. Regional scale heating
associated with the emplacement of the lamprophyre dyke swarm in the Early Permian plausi-
bly could have taken the Devonian rocks of the Orcadian Basin through the oil window at this
time. Stress inversion of mineralized syn-tectonic veins and shear fractures in the dykes and vol-
canic vents and along dyke walls at three locations in Caithness yield NW-SE extension directions
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that are consistent with those derived from the ca. 267 Ma mineralized structures observed in the
Dounreay district (Chapter 2) and more widely with Group 3 structures in Caithness (Chapter 4).
As discussed in Chapter 4, brittle faults, folds and hydrothermal veins recognised throughout
Caithness and Orkney area can be categorised into three groups, based on geological characteris-
tics and cross-cutting relationships; these are termed (from oldest to youngest) Group 1, 2 and 3
structures (summary in Fig. 6.1 .
Structural relationships establishing using field and stress inversion techniques, supported by the
Re-Os dating of Chapter 2 (Dichiarante et al., 2016) and dyke/fault relationships of Chapter 3,
reveal a regionally consistent change in the regional stress directions through time in Caithness,
from NE-SW extension to E-W compression to NW-SE extension/transtension, leading to the
observed poly-phase deformation of the Orcadian Basin (Fig. 6.2).
Figure 6.1: Summary of Group 1, Group 2 and Group 3 structures orientation, kinematic and mineralization
and relative representative outcrop photos
• During the Devonian, major rift structures (Group 1 structures) partially controlled the for-
mation of the Orcadian and proto-West Orcadian Basins (WOB). These structures trend N-S
to NNE-SSW and NW-SE, and they predominantly display sinistral strike-slip to dip-slip
extensional movements. Stress inversion analyses suggest ENE-WSW extension directions
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Figure 6.2: (a) Summary of the main structures recognized in (a) the north coast of Sutherland by Wilson
et al. (2010) and (b) in the north coast of Caithness in the present study. Red fault lines are interpreted to be
formed in the Devonian) structured, while green fault lines whilst green faults during Permo-Triassic times.
during the Group 1 event.
• Later sets of N-S to NNE-SSW trending folds and associated thrusts with both easterly
and westerly vergence (Group 2 structures) are locally developed on mm to km scales
and are especially well developed east of the Brough Fault in Caithness and throughout
Orkney. Stress inversion analyses on both local and regional scales suggest E-W to NW-SE
shortening during the Group 2 event.
• The dominant brittle structures across most of Caithness are NE-SW trending and E- to
ENE-trending faults with dextral oblique and sinistral kinematics, respectively (Group 3
structures). These structures are widely associated with syn-deformational carbonate min-
eralisation (± base metal sulphide and bitumen) both along faults and in associated mineral
veins. Reactivation of N-S trending Devonian structures is widespread and is associated
with the development of local fold arrays close to the faults; late folds are also locally asso-
ciated with displacements along both NW-SE and ENE-WSW faults and may suggest that
these too are controlled by pre-existing Devonian fault trends. The intensity of deformation
associated with Group 3 structures appears to die away eastwards. Stress inversion analyses
consistently give NW-SE extension directions both on local and regional scales.
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6.2 Key Aspects
6.2.1 The regional significance of structures
The three deformation events described during the present study are thought to be related to well-
known, regionally recognised tectonic episodes. The field and microstructural relationships ob-
served during the present study suggest that the Group 1 structures developed soon after deposi-
tion of the host rocks in the Devonian. The ENE-WSW extension deduced from stress inversion
analyses both locally and regionally are most plausibly associated with transtensional deforma-
tion associated with the final stages of sinistral shear along the Great Glen Fault Zone (GGFZ) as
discussed by Dewey & Strachan (2003)).
The local and regionally recognised E-W to WNW-ESE compressional deformation associated
with the Group 2 structures is widely recognised throughout the Devonian rocks of northern Scot-
land and is thought to be related to the effects of inversion due to dextral reactivation along the
GGFZ (e.g. Coward et al., 1989 and many others). This seems to be consistent with the preferen-
tial development of Group 2 structures in Orkney (closer to the GGFZ) and to the rocks close to
major pre-existing sub-basin bounding faults such as the Brough-Brims Risa Fault Zone.
The NW-SE extension related to Group 3 structures, which dominates in most of Caithness, is
thought to be related to the opening of the offshore West Orkney Basin creating new faults and
locally reactivating earlier structures. The age of these structures deduced here and the NW-SE
regional extension direction are consistent with the findings of onshore studies of brittle structures
carried out in the basement rocks of Sutherland (Wilson et al., 2010), who also found evidence
for an earlier ENE-WSW extensional event also believed to be Devonian, i.e. equivalent to Group
1 structures. It is therefore proposed that Group 3 structures developed along the entire length of
the north coast of Scotland were related to the development of the onshore part of the North Coast
Transfer Zone, a regional structure related to the southern margin of the offshore WOB (Wilson
et al., 2010; Dichiarante et al., 2016). This structure acted to transfer extension related to the
opening of the WOB westwards into the North Minch Basin (Fig. 6.2).
Finally, there is no compelling evidence for Jurassic or younger faulting in the north coastal region
of Caithness, despite the relative proximity of the Inner Moray Firth Basin where extension of
these ages is widely documented (e.g. see Le Breton et al. (2013) and references therein). This
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suggests that the Helmsdale Fault and northern continuation of the Great Glen Fault offshore may
form an effective northwestern limit of Jurassic extension and younger faulting events, a proposal
that remains to be tested through further work.
6.2.2 The role of ”inversion” structures
It has been shown in Chapter 4 that the three deformation episodes in Caithness (see section 6.1)
are all transtensional or transpressional on local to regional scales, mainly due to the reactivation
of pre-existing structures. This results in the development of a highly heterogeneous pattern of
deformation in the Devonian rocks, with localised regions of complex fault-related deformation
that contrast markedly with larger, intervening regions of more "undeformed" strata. Most au-
thors have assumed that folds observed in Caithness are simply the result of Permo-Carboniferous
basin inversion (e.g. Coward et al., 1989; Seranne, 1992). Whilst this is certainly true for the
Group 2 folds and associated compressional faults, there are also Group 1 folds that are related
to gravity-driven deformation of partially consolidated sediments early in the Devonian basin his-
tory. There are also later Group 3 folds related to local transpressional or transtensional reac-
tivation of obliquely oriented pre-existing structures during Permian-age regional rifting and the
development of the North Coast Transfer Zone. The mineralization associated with these later
structures, together with cross-cutting relationships observed in the field, allow these folds to be
differentiated from Group 2 structures, although it is important to note that it cannot be ruled out
that some Group 3 folds may represent "tightened-up" and reactivated Group 2 structures.
6.2.3 Fracture attributes and scalability
In Chapter 5, the attributes and scalability of the natural fracture networks in the Devonian rocks
of Caithness have been quantified by integrating datasets collected at different scales across the
Orcadian Basin and by combining 1D and 2D analyses. This methodology is thought to represent
an improvement on the use of single-scale datasets in fracture characterization.
Length and aperture datasets collected onshore revealed a consistent power-law relationship with
similar slope values; the multiscale methodology permitted the range of observed scalability to
be increased from 1 order of magnitude to up to 4 and 7 orders for aperture and length, respec-
tively. This illustrates very well the effectiveness of a multiscale approach. A positive correlation
between aperture and length has been well represented by a power-law distribution over 4 orders
6.2 Key Aspects 267
of magnitude, although, this remains to be tested with more microscale datasets.
A 2D topological analysis has been conducted over two scales of observation, providing informa-
tion about the overall connectivity of the system and the spatial variability of connectivity. The for-
mer is low and very similar for the two systems, while the latter shows significant variability with
the highest connectivity values associated with fracture corridor structures at the large scale and
with longer structures at the mesoscale (Fig. 6.3). This potentially results in a strong fluid transport
control of these structures and also shows that permeability characteristics are likely dependent on
the stage of fault development. Some ENE-WSW and NW-SE trending faults are known to reacti-
vate pre-existing structures that themselves have been reactivated during dyke emplacement. This
multiple reactivation has likely increased the degree of damage along these structures forming the
highly permeable corridor structures.
Figure 6.3: (a left) 2D topological map of bathymetric data and (b left) 2D topological map of outcrop
pavement photograph showing box counting area and example of performed circular scanlines. Ternary
plots of circular scanlines performed on (a right) bathymetric data and (b right) outcrop scale photograph.
The box counting method applied to the two datasets above has also shown the self-similarity of
fracture length distributions over about 1 order of magnitude with almost identical slopes indicat-
ing the same 2D spatial distribution. Sub-vertical fault intersections seem to be predominant in
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3D based on an analysis of fractures from offshore 2D bathymetry data and all faults measured in
nearby onshore data. This suggests that horizontal drilling would be favoured to intersect vertical
fractures and intersection orientations if these rocks were drilled as a reservoir (Fig. 6.4).
Figure 6.4: (a) X and Y-node type density map derived by the bathymetric map from the area between St.
John’s Point and Stroma Island allowing the qualitative assessment of connectivity in 2D plan view and
(b) Landsat aerial image of St. John’s Point showing major interpreted structures. (c) Lower hemisphere
equal area projections of measured offshore data at St. John’s Point (top) and in Caithness) and schematic
block diagram created by combining offshore 2D density map of connectivity and onshore dip values. Note
that the bestfit of faults and fractures data collected onshore at St. John’s Point (yellow diamond in the top
stereonet) is consistent with the bestfit of fault and fractures data collected in Caithness (yellow diamond in
the bottom stereonet).
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6.3 Suitability of the Devonian Orcadian Basin as analogue for the Clair
Field cover sequences
In this section we will present a summary of the differences and similarities in the lithologies,
fracture history and fault rocks and fracture fill characteristics in the Devonian Orcadian Basin and
in the Clair Field, in order to document to what extent the Devonian Orcadian Basin represents a
good analogue for the Clair Field. Larger emphasis is given here to aspects related the Clair Field,
while cross-reference to other sections in this chapter is provided for a more exhaustive description
of aspects concerning the Orcadian Basin.
• Both the Orcadian Basin in the northern Scotland and the Hornelen Basin in the western
Norway (see fracture attribute comparison in Ch. 5) represent continental basin formed in
after the Caledonian Orogeny (Nichols, 2005). The neighbouring Clair Basin is a smaller
basin with similar types of continental sedimentation (Nichols, 2005).
• The cover sequences in the Clair Field and the Old Red Sandstones of the Orcadian Basin
are both Devonian in age and both overlie metamorphic basement rocks. While in the Or-
cadian Basin the Devonian Old Red Sandstones overlies Moine/Lewisianoid-type metamor-
phic rocks deformed in the younger Caledonian orogenic belt, in Clair, the Lewisian Gneiss
Complex of NW mainland Scotland seems to represent a better analogue because of its
geographic proximity to the Clair Field, its apparent similarities in lithology, its age and
metamorphic grade. However, it was pointed out that different onshore analogues might be
more appropriate to different regions of the Clair Basement (Pless, 2011).
• The Orcadian Basin and the Clair Field have formed in different basins, possibly in some-
what different tectonic settings. The Faroe-Shetland Basin, where Clair is located, com-
prises a series of NE-SW trending sub-basins, formed during a sequence of Devonian-
Carboniferous, Permo-Triassic, Cretaceous and Palaeocene rifting and subsidence events
(Moy & Imber, 2009) following the Caledonian Orogeny. The burial history of the Clair
Field in the Mesozoic (particularly during the Cretaceous) is dominated by extension
(Scotchman et al., 2002) with multiple phases of hydrocarbon charges during Cretaceous-
Tertiary. By contrast this study has shown that in Orcadian Basin rocks onshore Caithness
two regional rifting events were separated by a locally developed inversion event. These
occurred mainly during the Palaeozoic and earliest Mesozoic (Devonian-Permian-Triassic;
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see section 6.1).
• The main hydrocarbon-bearing fracture systems are of different ages: Permian (see
Dichiarante et al., 2016, Ch. 2) in the Orcadian Basin versus the Cretaceous in the Clair
Field (Pless, 2011). The complex sequence of fracturing in Clair can be categorized into
three groups on the basis of infill: i. pre-Devonian age fractures in the basement, epidote
ultracataclasites and quartz/hematite mineralized fracture sets, ii. Late Cretaceous to Early
Tertiary fractures (Milodowski et al., 1998) mineralised with calcite and developed before
hydrocarbons migration into the Clair fracture system and iii. A somewhat later set associ-
ated with porosity development and oil staining alongside red-brown veining, and calcite-
pyrite mineralization (Milodowski et al., 1998). This third event, even if different in age,
represented a good analogue to the Group 3 structures described in this work for affinities
in fault rocks and mineralization
• Open fracture orientations in the cover sequence derived from cores (Coney et al., 1993) and
well data (Barr, 2007) have shown variability from well to well (e.g. WNW-ESE trending in
well 206/8-8; Pless, 2011). However, in the seismic horizon maps, NE-SW faults represent
the dominant trend, matching also with the orientation determined from well data by Coney
et al. (1993)), believed to represent an episode of Cretaceous rifting (Pless, 2011), which has
not been observed in the Devonian Old Red Sandstones of the Orcadian Basin in Caithness.
• Source rocks are different in age and provenience. For many of the Faroe-Shetland Basin
(FSB) hydrocarbon fields (including Clair) the source rock is the Late Jurassic Kimmeridge
Clay equivalent formation (Scotchman et al., 1998) while in the Orcadian Basin the source
rocks are local Devonian fish beds. Multiple phases of oil charge have been recognized into
the FSB and the oldest two (Tertiary and Cartboniferous) are the most relevant for Clair
(Pless, 2011 and reference therein).
• Reactivation of major structures represents an important aspect in both the Orcadian Basin
and Clair. The Clair Basin underwent multiple phases of NW-SE to E-W extension initiated
by rifting events (Late Paleozoic-Mesozoic) that formed new structures and possibly repeat-
edly reactivated pre-existing NE-, NNE- and N-trending faults, both within the basement
(Barton, 1993) and sedimentary cover sequences. During the Late Cretaceous a final phase
of rifting (NW-SE) reactivated the Clair Ridge Fault (Pless, 2011 and references therein).
A change to a compressive regime is documented in the Paleocene with the Clair area ex-
periencing doming and uplift, resulting from sea-floor spreading in the northeast Atlantic.
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Uplift, compression and igneous activity continued until ∼55 Ma (Eocene) when post-rift
subsidence occurred (Davies et al., 2004). As the Atlantic has continued to open further
periods of compression and uplift continued to reactivate pre-existing faults (especially NE-
SW trending). From the Pliocene to Recent, offshore and onshore regions have experienced
NW down-tilting associated with glacial rebound (Pless, 2011 and references therein). In
the Orcadian Basin, reactivation has been documented during the regional Permo-Triassic
rifting event especially N-S trending (Group 1) structures (see section 6.1), including also
reactivation of basement foliation (e.g. Kirtomy Bay).
• The rocks in both Caithness/Orkney and Clair are fractured. Associated fault rock and
mineral fills in the Clair Field and in the Orcadian Basin show many similarities. Tension
gashes have been recognized in both the Orcadian basin and the Clair field dominating
in higher-porosity facies (Figs 6.5a and Appendix F) while brittle fractures dominate over
granulation seams in lower-porosity, fined-grained facies. Carbonate-sulphite-hydrocarbon
mineralization occurs similarly in both the Clair Field and the Devonian Old Red Sandstones
and cockade textures are associated with oil fills and vuggy cavities in both areas (Figs 6.5b-
c). Oil-bearing fractures are similarly "clean break" linked fracture meshes (Fig. 6.5d).
• Fracture corridors have been documented both in the Orcadian Basin in Caithness during
this study and in the Clair Field by Coney, 1993.
6.4 Implications for Clair
The analysis conducted here on the structures developed in the ORS rocks of Caithness can be
used as an onshore analogue for sub-surface fracture systems that are known to be present in the
cover sequences of the Clair Field (Clair Group).
The improved understanding of the evolution of brittle deformation structures in the Orcadian
Basin can be used to enhance our understanding of the Clair Field by providing a more complete
spatial and temporal characterization of structures that are plausibly developed in the reservoir,
their cross-cutting relationships and fault rocks characteristics. It has been observed that Group
3 structures are the most common structures in Caithness and Sutherland and that, in the most
developed instances, these structures form hydraulically conductive fracture corridors. They are
also associated with syn-deformational carbonate mineralisation (± base metal sulphide and bi-
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Figure 6.5: Similarities in fault rocks and mineralization in the Clair Field and in the Orcadian Basin: (a)
tension gashes in the cover sequences (left), in Orkney (centre) and at Brims Ness (right), (b) vuggy cavities
associated with oil fill in the Clair basement (left), in a vein at Skarfskerry (centre) and in the Dounreay core
(right), (d) Fault breccias associated with pyrite and carbonate mineralization in the Clair cover sequences
(left), in Orkney (centre) and in a fault rock thin-section from Dounreay (right) and (e) linked fracture
meshes observed in the Clair Basement (left) and at Kirtomy (right).
tumen) suggesting that they were permeable during the Permo-Triassic and they often maintain
their high permeability to the present day through fracturing, brecciation and the development of
interconnected void systems.
As shown in Chapter 5, the statistical characterisation of fault attributes (spacing, length and aper-
ture) derived from field analogues provides understanding of constraints on the geometries of
potential fracture systems in the reservoir. This can be used to predict fracture abundance in the
inter-well region on a smaller scale than can be resolved from seismic reflection data and, finally,
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to reduce production costs by reducing risk. Also, a multiscale approach is essential to extend the
fracture attributes derived from outcrops to large scales, making them comparable to the fracture
attributes developed at the regional reservoir scale.
6.5 Future Work
6.5.1 Field, microstructural studies and Re-Os dating
• The field studies conducted here have predominantly been limited to the Orcadian Basin and
associated outliers of Devonian strata in Caithness and Sutherland. Preliminary field studies
in Orkney have also shown similarities in the characteristics of structures representing a
possible starting point for a more comprehensive analysis of structures across all of the
Orkney Islands.
• A large number of samples and thin-sections have been collected and produced from fault
rocks found in both Caithness and Orkney, but only thin-sections from Caithness have been
analysed in detail and presented in this study due to a lack to time. A detailed, thin section-
based microstructural analysis of the grain-scale deformation, mineralization and alteration
of the fault rocks in Orkney should be able to provide further information concerning the
nature and relative timing of deformation events and other processes such as hydrothermal
mineralization and fluid flow.
• Also during the present study, a number of pyrite samples were collected from fault rocks
and vein fills in Caithness and Orkney in order to carry out Re-Os geochronology. Most of
the samples were collected from locations where the pyrites had been exposed to weathering
and perhaps more importantly to the marine environment. None of these samples yielded
reliable ages suggesting that exposure to seawater disrupts the systematics of the Re-Os
system. The only reliable results were those obtained from two freshly excavated pyrite
samples in the Dounreay in the low level radioactive waste pits (Chapter 2). Further dating
can and should be carried out on base metal sulphide samples collected inland and the very
large number of active and abandoned quarries in the region may help facilitate this. Such
a dating program would allow further constraints to be placed on the timing of deformation
events across a wider area in both Caithness and Orkney with less reliance having to be
placed on structural correlation of seemingly similar structural events as has been done
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during this study. In Orkney, significant amounts of pyrite were observed associated with
carbonate mineralization especially along the north coast of Birsay and the west coast in the
area of Yesnaby.
• Future research projects should extend the structural and geochronological studies into the
northern part of the Orcadian Basin in Fair Isle, Shetland and Foula Islands where Devonian
strata show a variety of complex structural and stratigraphic relationships with the metamor-
phic basement rocks (e.g. Norton et al., 1987; Seranne, 1992).
6.5.2 Fracture attributes analysis
• The statistical analysis of fault attributes (length, aperture) and scaling relationships ob-
tained from the transect analyses presented here can readily be used to predict and populate
block models in Clair reservoir models (and possibly other analogue fractured reservoirs in
the UKCS and Norwegian continental shelf).
• The investigation of fracture scalability could be continued and perhaps extended through
further data collection especially at microscales to make the relationships discovered here
more robust, for example, the power-law relationship of aperture and length established over
several orders of magnitude could be extended. Further work using 1D line transects should
additionally concentrate around statistical analysis and the determination of the effects of
censoring and truncation to take these issues more fully into account during interpretation.
• Future development of the 2D topological method should aim to use the extrapolated aper-
ture values from 1D analysis to produce more realistic connectivity density maps. The 2D
analysis could also be integrated by collecting and interpreting lidar data in selected local-
ities to better constrain the 3D geometry and other attributes of faults and fractures in the
Devonian strata.
• Finally, the attributes and scaling of fractures in the (Moine/Lewisianoid) basement under-
lying the Devonian strata onshore needs to be determined and compared to those already
studied in the Lewisian basement of the Caledonian Foreland. This will hopefully give a
clearer understanding of fracture system attributes and their possible influence on fluid flow
in the subsurface in the Clair field and more widely.
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